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ABSTRACT
Prior ordering of the lattice has been shown to have a 
profound effect on the physical properties and phase 
transformations of iron-platinum-nickel alloys. Using x-ray 
diffraction and thermal analysis it has been shown that 
ordering occurs across the quasi-binary section Fe^Pt-Fe^Ni 
at continuously lower temperatures as Ni is progressively 
substituted for Pt, with a postulated critical ordering 
temperature for the phase, Fe^Ni, of 62 5+5K. The literature 
has shown the Fe^Ni phase to be metastable and dependent on 
special circumstances for its detection, which is in agreement 
with this study of the system.
The effect of chemical ordering on the martensitic 
transformation has been shown to be similar to that of.the 
binary Fe^Pt all°Yr an<^  a thermodynamic model is put forward 
in an attempt to explain the thermoelastic nature oflthe 
transformation in terms of both the atomic and magnetic 
order.
The anomalous results from the expansion coefficients and 
disordered lattice parameters have been shown to be consistent 
with the two gamma state theory for Invar behaviour, however, 
this theory could not be extended to the binary Fe-Pt alloys.
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CHAPTER 1 Introduction
Both Fe-Pt and Fe-Ni alloys have been extensively 
studied over the past few years. The two systems are very 
similar in the following respects;
(a) Nickel and platinum are both gamma stabilisers, 
their phase diagrams consist of a continuous austenitic 
solid solution at high temperatures.
(b) At lower temperatures the austenite undergoes . 
atomic ordering, in Fe-Pt alloys at FePt^, FePt and Fe^Pt 
compositions, and correspondingly at FeNi^.and FeNi in Fe-Ni 
alloys. Fe^Ni is apparently absent, although ordering at 
this composition has been reported for alloys in the form
of powder or foils, and for irradiated specimens, suggesting 
that its absence.in the bulk material may only be due to 
lack of diffusion. However, since Fe-Ni and Fe-Pt alloys 
of approximately 25 atomic % composition exhibit similar 
diffusion coefficients, other considerations, such as phase 
stability, may have to be taken into account.
(c) Iron rich alloys in both systems transform to the 
metastable martensite phase, which is greatly affected by 
the ordering of the austenite prior to the transformation
in Fe-Pt alloys. This results in a thermoelastic- martensitie 
transformation of low thermal hysteresis, -which is the 
underlying transformation in the shape memmory effect. -
(d) The austenite in both systems exhibits magnetic 
ordering to a ferromagnetic state.
at room temperature in 25 at.$ Pt and 35 at.^'Ni (Invar) 
alloys, The Invar section of the ternary system has been
atomic ordering of the lattice had a significant effect on 
the properties of the platinum rich alloys; and that the 
behaviour of the nickel rich alloys Indicated Incipient 
ordering.
It is therefore plainly of interest to study the series
of alloys across the ternary diagram with respect to ordering3
and Its effect on the various above-mentioned properties.
In order to maintain stoichiometry throughout, the quasi-
binary section Fe0Pt-Fe0Ni is a suitable choice for this
J j
study. It also provides an opportunity to explore the reported 
existence of F'e^Ni by the progressive substitution of 
platinum by nickel in Fe^Pt.
The intention of this thesis Is therefore to investigate
(1 )
investigated by Kussman and Jessen. - They concluded that
the ordering behaviour
effect on the martensitie and expansion behaviour. It also
attempts to exolain some of the anomalous results obtained
in the terminal binary alloys
CHAPTER 2 Literature Survey
2 .1 Current'--phase diagrams
The Fe-Pt phase diagram was first investigated
(2 )in 1907 by Isaac and Tammonv by means of thermal analysis. 
Data obtained by this method produced the liquidus-solidus 
transition temperatures, and indicated that the continuous 
solid solution formed at these high temperatures transformed 
into two regions; 0-50 wt.^ Pt (approximately 25 at.^ Pt) 
and 60-100 wt./£ Pt, as shown in Figure (1). Nemilov^^ 
postulated that the region between 60-100 wt./S Pt was 
attributable to the FeFt phase, as both hardness measurements 
and thermal expansion coefficients gave anomalous results 
for this region. The c< -ft phase transformaton v/as investigated 
both by Fallot ana Martelly^^ by plotting magnetization: 
as a function of temperature. A change In state was apparent 
as a discontinuity in the curves. Both workers found that 
the oi - 'ft transus lines separated and decreased with 
increasing platinum content; the transus line reaching
ambient temperature at approximately 20 a t P t ,  while the
■ (4) ;- ft* point for this composition was 793 K*
(6 )In 1935 Graf and Kussmarl specifically examined three
features of the Fe-Pt phase diagrams.
(a) the exact nature of the magnetic properties
(b) the precise- regions v/ith which the intermediate 
phases exist .
'(c) the relationship between the structure and the .
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and Tammon (2).
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magnetic properties.
By measuring coercive force, the saturation magnetization 
and the magnetic transformation- temperatures for quenched 
and annealed specimens (for temperatures up to 1373 K), in 
conjunction with metallographic and x-ray diffraction analysis 
the authors postulated the phase diagram shown in Figure (2). 
They made a distinction between the Curie temperature of the 
£ phase (quenched) and that of the FePt phase produced 
on annealing, which the authors determined to have a b.c.c.
structure with lattice parameter of aQ=2.88A. In 1950,
(7) . . .
Kussman and Rittberg f' again studied the Fe-Pt phase diagram
in detail. They used linear expansion techniques to determine 
the <*-'£• transition points, and magnetization and x-ray 
diffraction to determine the position of the intermediate 
phases. The existence of FePt was confirmed by their results, 
but additional phases, Fe^Pt and FePt^ were also postulated. 
Anomalous changes in the Curie temperatures at the approximate 
composition of 25 at,$ Pt, and the detection of superlattice 
lines in the x-ray diffraction analyses, indicated that 
ordering of the phase at temperatures lower than 1108 K was
(7)
occurring. The FePt^ phase was less well defined by Kussman .
but Crangle^^ and Bacon^^ have since shown that the
maximum ordering temperature for the FePt^ phase occurs at
162'3. K, at an approximate composition of 65 at.$ Pt.
(lo)The phase diagram, cited in Kanssn ■ is fundamentally
attributed to Kussman , and can be seen in Figure (3)*
(11) - . . .Berkowitz et al ■ have shown, using resistivity and
1600.
CO
co
Li-
1200.
Q-
800.
400.
Pt755025
at% R
Figure 3 The Fe-Pt phase diagram (10).
(7) .be made to Kussman's w  phase diagram. They suggested that 
for the c* and  ^phases to be in equilibrium, these phases 
must be separated by a eutectoid transformation, which was 
identified from anomalies in the resistivity measurements 
obtained for a 14.4 at.$ Pt alloy during annealing at 823 K.
Eutectoid transformations are similarly proposed by
(1 2 ) . .Vlasova et alv 1 , from their magnetic study of Fe-Pt alloys
with composition of approximately 35 wt.$ Pt, and by
(13)
Sundaresen et al .who measured the electro-motive force
of two basic cells, from which they calculated activities
and activity coefficients for the temperatures 923 and 1123 K.
From their results the authors concluded that three eutectoid
transformations occurred between the phases <x, y , Fe^Pt and
(11)
FePt. Berkowits et al -also concluded from their
resistivity measurements that the ordering temperatures
(7)
for the Fe^Pt phase suggested by Kussmanw ' were approximately 
100 K lower, which is in good agreement with results from
.. v (13.1*0other workers.
(15)More recently, Inden has used computing techniques 
to predict the phase diagram-,, shown in Figure (^), based 
on nearest and next nearest interchange energies between 
the atoms, but, at present, the calculations exclude any 
contribution from magnetic effects in the Fe-Pt system.
2.1.2 Fe-Ni
The results of metallographic examinations of
(16 1?)Fe-Ni meteorites enabled Osmond ’ ' to construct the phase 
diagram shown in Figure (5)» which .snows a solid solution
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breaking down eutectoidally at low temperatures. In 1905
(18}Geurther and Tammon used pure iron and nickel to produce
alloys for their magnetic study of the Fe-Ni phase diagram.
Their results showed a peak in the magnetization versus
composition curve at approximately 66 at.fo Ni, which was
attributed to the Ni^Fe phase. They did not, however, detect
a eutectoid transformation. In. contrast^results produced
from thermal expansion and electrical resistivity measure-
(19 20)ments, and metallographic examination?by Hansen et al ■ 
were best explained in terms of a eutectoid transformation. 
The resulting phase diagram was not dissimilar from that 
proposed by Osmond^ ^
The boundaries of the o< and ^ phases have been studied 
largely by x-ray diffraction (either by the vanishing-phase 
method, or by comparison of lattice parameters), after ' 
subjecting specimens to extremely long periods of annealing,
especially at temperatures below 673 K. Earlier work by
(2 1 ) (2 2)Pickles and Hoselitz had used magnetization
techniques to detect the boundaries, but had concluded
that excessive times were required to reach equilibrium
for annealing temperatures below 673 K (573 K for ^0 years,
598 K for 10 years)
The use of powders for x-ray diffraction measurements
was found to be beneficial in the attainment of equilibrium.
The increased internal energy of the powders compared to
(23)bulk specimens enhanced diffusion. Owen and Liu J annealed 
their specimens (0-60 a t N i )  between 573 and 973■K for 
times up to I3 months. Their values for the -  ^ transus
lines, using the x-ray diffraction technique, were closer 
to equilibrium values than those obtained by other 
investigators. The - $ boundary lines proposed by Owen 
and Liu are shown in Figure (6). This diagram also
indicates the existence of an ordered phase FeNi^, which
(2k) (20was first proposed by Dahl: Leach and Sykes
investigated this region using specific heat measurements
and found that ordering of the austenite occurred below
798 K. X-ray diffraction studies revealed superlattice lines
which indicated that ordering reduced the austenite lattice
parameter. This result was also observed by Wakelin and
(of.)
Yates , who placed the ordering temperature for FeNi^ 
between 771 and 779 K, deduced from electrical resistivity 
measurements. They also claimed that the region bounded by 
the phase was very large, from 65-81 at.% Ni, and tentatively 
suggested that it might extend to ^5 at.% Ni, although
this has not been subsequently confirmedl^
(29) . .Pauleve and Dautreppe using specimens of the
composition FeNi, found that the electrical resistance of
the alloys decreased after neutron irradiation. This was
attributed to an order-disorder reaction at 59^-2 K and
the structure was assumed to be of the AuCu type.^^
(28VMarchand found from electrical resistivity measurements 
on irradiated specimens that the ordered FeNi type structure 
had a wide composition range, as shown in Figure (7)-
Alloys of compositions close to Fe^Ni have been widely 
investigated to detect the Ll^ ordered structure. However, 
no proof of this type of reaction has been reported for bulk
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diagram, as proposed by Marchand (28).
alloys. This section of the phase diagram is examined in 
more detail in a later section (2.2.6). It is sufficient 
to note that a variety of techniques have been employed in 
order to increase diffusion whilst avoiding segregation, see 
Table (1).
(27)Heumanni.-and Kars ten' 1 examined powder samples produced 
from oxalates using x-ray diffraction and observed that on 
annealing between 633 and 503 K the ot-'$ region interacted 
with the ordered FeNi^ phase resulting in a eutectoid type 
phase diagram, as shown in Figure (8).
Computed equilibrium phase diagrams have been calculated
(o.k,
for this systemw  but these do not include some of the
metastable phases or properties present in the system that 
may effect the stability of these equilibrium phases.
2.2 The order-disorder transformation for f.c.c. structures
of the type AJ3.
j
2.2.1 Introduction
A large number of solid solutions become ordered 
at low temperatures. The process of ordering involves a 
change from a statistically nearly random distribution of 
the atoms among the atom sites into a more regular arrangement 
whereby designated sites are occupied predominately by one 
kind of atom. The segregation of atoms to particular atom 
sites may take place with little or no deformation of the 
lattice, creating an ordered solid solution, or superlattice, 
or superstructure, out of a random solid solution.
oC Fe^Ni % FeNi FeNi^ Format and Treatment Reference
■* ■ - * - - Deformed Bulk (23)
* ? * - - Deformed Bulk (22)
* 9 * - Deformed Filings (3D
* ? * - - Oxalate Powder (32)
(*) - * * Irradiated Foil (28)
(*) * * - V.S. cool (Meteorite) (33)
# - - -• * Carbonyl Powder (27)
Table 1 Phases p'resentbelow 573-623K. in Fe-Ni alloys
containing 25-^0at^ Ni as a function of different 
treatments.
Key
* phase present
(*) phase probably present
? phase postulated (but not proven)
phase absent.
The superlattices derived from the f.c.c. structure 
(Al) are known as L1q and Llg in the structurbericht 
notation. The unit cell of each contains the four atoms 
found in the cubic cell lattice of the disordered Al structure, 
but LIq has tetragonal symmetry. In this structure, which 
occurs at equi-atom positions, the A atoms are at points 
[000] and [iio] of the unit cell, and the B atoms are at 
points [ J-OJ-] and [ 0|J-] . The structure consists of alternate 
layers of A and B atoms parallel to the (001) planes. The 
attraction between A and B atoms results in slightly smaller 
interatomic distances between nearest neighbours:in adjacent 
layers, so the structure is tetragonal with c/a slightly 
smaller than unity. Each atom has four nearest neighbours 
of its own type in the same (001) layer, and eight nearest 
neighbours of the opposite type in the two adjacent (001) 
layers. This contrasts with the completely disordered 
structure, where each atom, on average, has six like and 
six unlike nearest neighbours.
The LI £ structure corresponds to the ideal composition
A^B. The B atoms are in the [000] positions, and the A atoms
are in the remaining sites of the conventional unit cell of
the f.c.c. structure. In this superlattice the B atoms each
have twelve unlike nearest neighbours, compared with an average
of three like and nine unlike nearest neighbours in a random
f.c.c. solid solution. There is also a unique example of
the LI- structure in which alternate (111) planes are
(66)composed entirely of A and B atoms respectively; .
The tendency for the like atoms to separate and the unlike
atoms to attract each other results in all the A atoms 
occupying sites comprising one or more suhlattices of the 
whole structure, and the B atoms occupying sites which make 
up different suhlattices of the structure, see Table (2). 
The extent to which this ideal arrangement is achieved is a 
measure of the long range order of the assembly. Short 
range order is a description of the atomic configuration 
in the immediate vicinity of an atom, if the average 
number of unlike neighbours of an A atom is higher than 
would be expected for random distribution , the alloy 
possesses short range order. It is perfectly possible and 
usual for there to be appreciable short range order but no 
long range order.
2.2.2 Theory
Theoretical treatments for fully ordered super-
(27)lattices have been given by Borel-ius ■ Johansson and
L i n d e G o r s k y ^39) ^ Dehlinger^0  ^ and. G r a f b a s e d
chiefly on formal thermodynamic relationships. The problem
(l±2) (^2)was considered anew by Bragg and Williams , Williams :
(AA) ( )Bethe and Peirls . who, as a group, started with
simple assumptions about atomic forces, and calculated
quantitative values which compared favourably with
experimental values.
At high temperatures, or when the compositions deviate
from the ideal, very imperfect states of order must exist
in which the crystal is only partially ordered. Recognition
of this fact has created a further need for a suitable
Disordered
Structure
Superlattice
Type
Composition Atom
Positions
Examples
f.c.c. 0
(Tetragonal)
AB 2A @ (000;
iio)
2B @ (4-Oi-j
oil)
NiPt,FePd 
AuCu,CoPt 
MgIn,MnNi 
FePt
x » C » C • L12 a b^ 3A @ (Oil; |0|;||0) 
IB @ (000)
Cu^Au,Au^Cu 
Pt^Co,Fe^Pt 
Pt^Fe,Cu^Pt 
Ni^Mn etc.
Table 2 Pos ition of atoms In Superlattices derived from 
f.c.c. structures.
general description of imperfectly ordered crystals. In such • 
crystals both the unit cell and the translation group lose 
their strict significance since the lattice translation 
vectors may sometimes join atoms of different kinds rather 
than identical atoms only, as in the perfectly ordered 
structures. The state of order may then be more conveniently 
described by a set of parameters related to pair-density 
functions, which describe the state of occupation not of 
single sites but in terms of pairs of sites.
The simplest assumption in the theory of regular
solutions does not consider clustering on an atomic scale.
The corresponding approximation in the theory of order-disorder
transformations is similarly a theory of long-range order
only. This treatment is usually called the Bragg-Williams
theory; consider a crystal of a binary alloy having N sites,
of which Nx^ sites (the "A" sites) may be distinguished
in some way from the remaining Nx-g sites (the "B" sites).
When the alloy is fully ordered, these two sets of sites
are completely occupied by A atoms and B atoms respectively.
The completely disordered state is taken to be the random
2distribution, in which there will be Nx^ A atoms and Nx^x^
2
atoms on the A sites, and Nx^ B atoms and Nx^x^ A atoms .on 
the B sites. We define the partially ordered state by the 
number of ’’wrong” A. atoms (i.e. A atoms on B sites), which 
we write Nx^; this is also equal to the number of "wrong" B 
atoms. The probability that an A site is occupied by a 
"wrong" atom (i.e. B) is written WA=x^/xA ; and the 
probability of it being occupied by a "right" atom is r^l-W^.
The corresponding probabilities for the B sites are r-g and Wg, 
note that r^/rg except for the equi-atomic alloy. The 
definition of long-range order introduced hy Bragg and 
Williams and now generally used is :
L = rA XA = rB ~ XB = 1 - ^W ............equation 1
1 - xA 1 - xB xaxb
This has a maximum value of L=1 for x^=0 and L=0 when x^ has
the random value.
The structures of the type LI2 formed in A^B alloys now 
have wg=3W£=Ax^ and the Bragg-Williams definition of long- 
range order becomes:
L = ~ 1 ” ^ ^ W   .... . .equation 2
3 - 3
Attempts to apply the first approximation, or Bethe 
theory, to the Llg superlattice results in a contradiction; 
the hypothesis of the non-interference of nearest neighbour 
pairs does not lead to equilibrium long-range order at all.
The reason for this difficulty seems to be that at least four 
atom sites are needed to define a unit cell of‘the superlattice
It is thus necessary to use a higher’approximation of the
. . (A6K
Quasi-Chemical Theory (cluster variation method )
embodying the hypothesis of the non-interference of
tetrahedral groups of atoms. The stability of the LI? structure
(A7)
at the A^B composition was first shown in this way by Yang,
and the treatment was considerably extended in later papers
- (HQ) _ . ( A9) by Yana and Li - 1 ' and n .  These oarers also considered
the more difficult association with non-stoichiometric 
compositions. When x-g is a variable, the use of the quasi- 
chemical method ensures that all properties are symmetrical 
above so, in this treatment, superlattices based on both
A^B and AB^ necessarily appear in the same binary alloys.
The results of the Bragg-Williams approximation and of 
the tetrahedral cluster method are shown in Figure (9), 
which gives the equilibrium degree of long-range order as a 
function of temperature. L drops discontinuously to zero 
at the critical temperature. The transformation thus requires 
a latent heat, and is correctly described as a thermodynamic 
phase change of the first order.
An approximate theory of order in alloys due to Cowley 
differs in some respects from the cluster variation methods. 
Cowley considers a set of short-range order coefficients 
which effectively define the probability,. P^g(r), for 
each of the different shells (successively larger values of 
r ) around an atom. The internal energy is defined in terms 
of the interactions of pairs of atoms in different shells, 
so that the theory is not confined to nearest neighbour 
interactions. It is assumed>as an approximation5that the order 
coefficients are independent of each other, this corresponding, 
approximately to the independence of pairs in the first 
approximation of the quasi-chemical theory.
2,2.3 Thermodynamics of the ordering behaviour. .
In a superlattice in which the long-range order 
is not perfect many different atomic configurations are .
A x0.81
0.4
0.2 0.4 0.6 0.8 1.00
Equilibrium, long-range order vs. temperature 
curve for an A^3 superlattice of the type Li2 
according to (A) the Bragg-Williams, and 
(B) the tetrahedral cluster approximation (36)
possible. One possibility is a single long-range scheme 
that has occasional atoms out of place on the atomic sites 
of the crystal. Another possibility is of many domains 
each of which has a long-range scheme of perfect or partial 
order5with an arrangement of atoms that is out of step with 
the arrangement in each adjacent domain. Also, there may or 
may not be a two phase arrangement, in which a partially 
ordered phase coexists with a disordered phase, (or with a 
partially ordered phase of a different superlattice structure).
If the domains come in contact, the region of contact 
between them is a surface or domain wall. ' J A certain
amount of disorder exists there, since atoms in the vicinity 
of the wall will have some neighbours out of step with their 
other neighbours. Such atoms will find it easier to disorder 
than those inside the domains, causing the disordered band 
to widen as the temperature increases. Antiphase domain 
boundaries can result not only from the growing together of 
different nuclei of order, but also from the passage of 
dislocations through an ordered lattice. A perfect dislocation 
having a unit Burgers vector in the disordered alloy is only 
a partial dislocation in the ordered alloy, since the unit 
cell for the ordered state is larger than for the disorderd.
A movement of such a dislocation across a slip plane in a 
superlattice therefore leaves a plane behind it that is an 
antiphase boundary. In order to avoid the extra energy 
involved in producing this boundary, dislocations in a 
superlattice tend to travel in pairs, with only a narrow 
ribbon of antiphase boundary extending from one to the other^^
The passage of the second dislocation of the pair restores 
the ordered structure.
Phase transitions may be classified in the thermodynamic 
sense according to the degree of the lowest derivative of 
the free energy that shows a discontinuity. At the equilibrium 
temperatures the (Gibbs) free energy,G, itself is always 
continuous, since the two phases must have the same free 
energy. The first and second derivatives of the free energy 
with respect to temperature (T) and the pressure (P) are-: :
(<£G) q (<f G ) _ , . '
(7f)p = 1 (Ip)t - +v . ......... equation 3
where S and V are entropy and volume respectively.
= " < ^ P  = “ fP    ................. equation 4
= [4^ = - BV ................... eauation 5
(<Tp 2)t
where is the specific heat at constant pressure, and B 
is the isothermal compressibility.
Thus, a transformation is said to be of the first order
(or first degree) if the free energies are equal at the
transformation temperature but the entropies and volumes 
of the two phases differ, and of the second order if the 
free energies, the entropies and volumes are equal but the 
heat capacities or compressibilities differ. For a third 
order transition and B should be continuous, but a 
discontinuity should occur in (cf-^ G) or (cT^ G) . Similarly,
U T 3)p (Jp 3)t
an nth-order transition is one in which a discontinuity 
occurs in the nth derivative of the free energy, but not 
in a lower derivative. Thus a first-order transformation 
appears on a phase diagram as two lines bounding the region 
where two phases of different composition coexist in 
equilibrium, but a second-order transformation appears as 
a single line. In distinguishing between first- or second- 
order transformations in alloys, it is usual to choose the 
presence or absence of latent heat, AH, as the criterion 
for the.degree of transition. However, this is a difficult 
criterion to apply, because the resultant heat is spread 
over -a range of temperatures (i.e. the two phase range).
If sufficient care is taken, the presence or absence of the 
two phase region may be established by x-ray investigations 
of equilibriated alloys. An alternative method is to 
determine by precision x-ray measurements, whether or 
not there is a discontinuity in the volume during the 
transformation; and in general, both entropy and volume 
will show coincident discontinuity. All such methods 
encounter the difficulty that equilibrium is not reached 
in solid-solid reactions, particularly near transformation 
points. Another difficulty which may arise is connected 
with the procedures in which extrapolation of the properties 
of the phases of a system into regions where they do not 
normally exist is attempted. In the case of a first-order 
transition, extrapolation presents no problems because, 
the existence of the transition is a result of the equality 
of the free energies of the two phases,, and is not
connected with any peculiar properties of either phase 
separately.
As heat is supplied in a first-order transition, the 
relative amounts of the two phases involved will change, 
but the temperature will remain constant until the 
transition is completed. In the second-order transition 
the addition of any finite quantity of heat raises the 
temperature of the system by a finite amount at all 
temperatures, including T ; hence, the two phases never' 
coexist. The common property of the systems which may 
exhibit second-order transitions is that they are based 
on a b.c.c. lattice in which no nearest neighbours of a 
given atom are also nearest neighbours of one another. 
Systems showing first-order transitions usually involve 
a close packed structure in one or both phases, in which 
the atoms closest to a central atom are sometimes closest 
to each other as well.
2.2.^ Detection of superlattice lines in AJ3 type 
lattices by x-ray diffraction.
If an ordered solution is heated above T , the 
atomic arrangement becomes random again, and the solution 
is said to be disordered. If the disorder is complete, the 
probability that a particular site is occupied by an A 
atom is simply "V/^ , and for a B atom is \ (i.e. their 
respective atomic fractions.). These probabilities are. 
the same for every site, and considering the structure as 
as a whole, each site can be regarded as being occupied
by a statistically average A-B atom. Below the critical 
temperature the A atoms, in a perfectly ordered alloy, occupy 
all the face-centred positions, the B atoms occupy only 
the corner sites.
Since there is only a very slight change in the size 
of the unit cell on ordering, and none in its shape, there 
will be practically no change in the position of the 
diffraction lines. However, the change in the positions 
of the atoms must necessarily cause a change in the 
intensities. The nature of these can be calculated from 
the structure factor (F) for each atom arrangement.
(a) Complete Disorder.
The atomic scattering factor of the average A.-B 
atom is given by:
f, s=(atomic fraction A)fA + (atomic fraction B)f„ (av) A B
f(av)= ifA + lfB     aq-uat-ipn 6
There are four "average" atoms per unit cell at [ 000] , [ J-J-0]
[|0|],[oJJ]. Therefore the structure factor is given by:
F= f exp(2TT i(hu+kv+lw) ) ......... equation 7
F= f /I + exp('rri(h+k)) + exp('tri(h+l)) + exp(rci(k+l)) av v
 equatian 8
which becomes:
F= ^fav for hkl unmixed
F= 0 for hkl mixed
Therefore the disordered alloy produces a diffraction 
pattern similar to that fcr any f.c.c. metal. No reflections 
of mixed indices are present.
(b).Complete Order.
Each unit cell now contains one B atom at [ 000],
and three A atoms at [ |-|o], [ J-Oj-], and [ Oj-J- ].
F= fg + |exp(tri(h+k)) + exp(rr i(h+l)) + exp(Tri(k+l))
.......equation 9
which becomes:
F= (f-g + 3%) hkl unmixed
F= (fg - ) for hkl mixed.
The ordered alloy thus produces diffraction lines for
all values of hkl, and its diffraction pattern, therefore, 
resembles that of a simple cubic structure. The diffraction 
lines from planes of unmixed indices are called fundamental 
lines, since they occur at the same positions and with the 
same intensities in the patterns of both ordered and
disordered alloys. The extra lines, arising from the planes
of mixed indices are called superlattice lines and their
presence is direct evidence that ordering has taken place.
The relative intensities of the superlattice lines 
to the fundamental lines may be assumed to be given by 
their relative1'I F| values. For fully ordered Fe^Pt, for 
example: _
? O
Xntensity(superlattice line) ^  I FU _ (fp+ - f-p")
Intensity(fundamental line) ~  ipil. -ns t— y-2
r U p t Fe
  equation 10
At (sin0)/A=O, we can substitute f=Z (atomic number)
therefore for small scattering angles equation 10 reduces
to: 9
Is (78 - 26)2 ^  0>u
Ip (78 + 3(26)r
Superlattice lines for Fe^Pt are therefore only
approximately one tenth as strong as fundamental lines, when 
fully ordered, but they can still be detected without any 
difficulty!
In Fe^Ni, however, the situation is much worse. The 
atomic numbers of iron and nickel are 26 and 28 respectively, 
and using the same assumptions as described above, we. 
find that: 9 9
&  = (fNi ~ fFe^ (28j ^26)^ O.OOO36
F (fNi + 3fFe) (28 + 3(26)r
This ratio is so so low that the detection of superlattice
lines of fully ordered Fe^Ni, by x-ray diffraction, is
almost impossible unless long exposures or focusing cameras
(77) are employed.
Neutron diffraction is prefered when the elements A. 
and B differ in atomic number by only one or two units, 
because the neutron scattering power is not dependent on the 
atomic number^^’
2.2.5 Ordering Behaviour of Fe^Pt.
The austenite phase undergoes an ordering reaction
around the composition Fe^Pt, changing from an A.1 (F.C.C 0-j
Fm3m) lattice structure to an Ll^F.C.C. Oj^ P m 3 m)^^
type superlattice. In the fully ordered state iron atoms
are at the positions [J-Jo], [J-0J-] and [oJ-J-], and the
platinum atoms are at positions [OOO] in the lattice.
An increase in the lattice parameters is associated with
the ordering of the F.C.C. s t r u c t u r e ( s e e  Table (3)).
(7) .Kussman and Rittbergw  investigated the Fe-Pt phase 
diagram extensively using dilatometry, x-ray diffraction 
and magnetic measurments. They reported that the ordering 
transformation around Fe^Pt extended from 19 to 33 at.$ Pt 
with a maximum at 25 at.^ Pt, giving a critical ordering
Degree ■ * 
of Order
0 ■o'5 0.7 0.8 Reference
Lattice
Parameter
(a) 3.716 3.7I8 3.721 3.725 (55)
(b) 3.723 3.723 3.726 3.729 (67)
Table - 3 The increase in lattice parameter of (a) 24-at?S Pt,
(o) 25at^ Pt alloys as a function of increasing 
degree of long-range order (S).
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Figure 10 Variation of the long-range order parameter (S)
as a function of temperature for an Fe^Pt 
alloy(67)•
temperature (T ) at this point of 1108 K. Berkowitz et a l ^ ^  
reported that from their examination of the system using 
electrical resistance, measurements, the results indicated 
a lower ordering temperature (approximately. 1000 K). They 
suggested that the higher figure of Kussman's marked the 
limit below which appreciable short-range order appears, 
rather than the temperature at which long-range order 
vanished. This conclusion was also reached by Herbeuval 
et who used x-ray diffraction to measure the
order parameter (S), for a 25 at.^Pt alloy at different 
temperatures.(see Figure 10). The critical temperature 
for ordering was found to be 1003 K. Kajiwara and Owen ^ } 
postulated from their examination of the martensite 
transformation, that the ordering temperature proposed
by Kussman was too high, by approximately 100 K. Sundaresen
(12)et al J reported from their electrochemical measurements 
of the Fe-Pt system that the ordering temperature for 
Fe^Pt was of the order of 1023 K. From their calculation 
of activities and activity coefficients they also determined 
that the free energy (AH) associated with ordering the 
disordered lattice of a 25 at.% Pt alloy was approximately 
-7.5 kJ molT^
(15)More recently Inden  ^ has calculated the phase 
diagram of the Fe-Pt system, using the nearest and next 
nearest neighbour energy parameters. By assuming that there 
were no magnetic effects in the calculation, 
the Tq for.ordering of Fe^Pt was calculated 
to be 1280 K. This is the highest possible temperature
at which order (either short- or long-range) should he 
detected.
The effect of this order on the physical properties 
will be discussed in section 2.5*
2.2.6 Ordering Behaviour of Fe^Ni.
Atomic ordering of the austenite in Fe-Ni
alloys, of the type Ll^tCu^Au^ has been shown to exist
at compositions close to 75 at.% Ni (FeNi^), using neutron
diffraction experiments exploiting the difference in
scattering factors for iron and nickel atoms(-57>58) x-ray
diffraction studies, specific heat and magnetic measurements
(22 29)have also provided evidence for FeNi^ atomic., ordering;
Unlike FeNi^, atomic ordering in the bulk material 
has not been found to exist for Fe^Ni. However, ordering 
has been claimed to exist for Fe^Ni under special 
circumstances. In an attempt to supress the martensitic
transformation which occurs at these compositions^ 9 ) ^
• (22)and to increase the motility of the atoms, Kachi et al J
examined powders of less than in diameter, formed
by the reduction of iron and nickel oxalates by hydrogen 
at 873 K. They found a specific heat anomaly at 1073 K on 
heating, in a 29 at.^ Ni alloy, which they interpreted as 
as evidence for Fe^Ni disordering, although the anomaly could 
not be reproduced on cooling. Hoselitz^^ reported anomalous 
magnetic measurements, for a 25 at.$ Ni alloy, after 
annealing a quenched specimen at 798 K for 18 days. He 
put forward the tentative suggestion that an ordered phase,
Fe^Ni,.existed, although no positive evidence of any
superstructure could be. found.
(1)Kussman and Jessen investigated the Invar properties 
of selective Fe-Pt-Ni alloys using linear expansion and 
magnetic measurements. They postulated the idea that 
ordered Fe^Ni could be contributing to the Invar effect in 
Fe-Ni alloys.
Hausch and Warlimont^0  ^ used single crystal thin foils
to investigate a 30.^ at.^ Ni alloy by electron microscopy.
They observed extra reflections in the electron diffraction
patterns'after annealing at 873 K for 15 min. These extra
reflections disappeared when the foil was annealed at
923 K. This phenomenon was attributed to superlattice
reflections from an ordered Fe^Ni lattice.
( )
Lysak and Artemyuk ' used x-ray diffraction, using 
Fe Koi radiation, to investigate a 32.5 at.$ Ni alloy, 
that had been annealed at 7^3 K for 2 hr. They reported 
the detection of superlattice spots which disappeared when 
the alloy was heated to 823 K. They also reported that a 
solution of 1.7 at.% C in the alloy increased the ordering 
temperature by 30-50 K and enhanced the intensity of the 
superlattice spots.
Veeraraghavan and WincheH^-^ , however, found no 
evidence at all in their x-ray and neutron diffraction 
studies of a 31 .at.5^ Ni alloy which had been annealed at 
723-7^8 K for up to 168 hr.
Short-range order at these compositions has been
(71)
reported by Chamberod et alw  ' who used elastic neutron
(71)scattering, and by Rodioniov et al' who used resonance
£ quanta absorption studies on electron irradiated
(62)specimens. Winchell and Cohen have shown that lattice
parameter measurements of Fe-Ni martensites have indicated
that an Fe-3l at.^Ni martensite is tetragonal with ac/a
ratio of approximately 1.005» whereas an Fe-17»3 at.$ Ni
martensite is cubic The observed tetragonality has
been attributed to short or long range order in the
. (6k 6 *>)austenite prior to transformation; 1 ^
(3
Indenw  has recently calculated the Fe-Ni phase 
diagram from nearest neighbour energies and has shown that 
the phase diagram would be very complicated if equilibrium 
conditions are allowed to occur. The phase diagram is 
shown in Figure (11), and includes experimental values 
for ordering of F e N i ^ ^ ’^ ^  and FeNii^®^
2.2.7 Prediction of Ordering Temperatures.
Infection (2.2.2) it has been shown that there
are numerous models which have attempted to describe ordering
behaviour as a function of temperature. In an extensive
(7/4— 78)
study of b.c.c. ordering behaviour by Inden a
Bragg-Williams-Gorsky (BWG) type of approach has been used 
in order to limit the amount of computation work. He has 
recently extended this work to include f.c.c. ordering 
behaviour.
The statistical model calculations describing the 
ordering and segregation reactions in solid solutions 
are generally formulated in terms of temperature,
Figure
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The Fe-Ni phase diagram calculated by Inden(35) 
with the experimental points of Marchand(28)(®), 
and Leech and Sykes(25)(©).
. . m  (2 )composition and independent energy parameters, W v . and W v '
between nearest (1) and next nearest (2) neighbours, 
which are defined by the following equations:
(nn) + ^BB^  * . . ■equation 11
(nnn) W (2) = -2vj2) + v|2) + V^2)   equation 12
(1) (2) • • (79}where V and V are pairwise interaction energies.
If these interchange energies are positive, the A-B alloy
will show an ordering tendency, whilst if they are negative,
segregation reactions are expected.
2.2.8 Determination of and Parameters.
(a) From energy measurements.
(1) (2)Since Wy and W are energy parameters,
they are most easily determined from energy measurements
such as enthalpies of mixing of random alloys, or enthalpies
Fof formation ( H^c ^ ) of alloys with a given atomic 
(!<)’
configuration. These entities can immediately be
(1) (2) . expressed by means of W and W x for a binary alloy
(A. B ) with reference to the pure components in the same
JL C C
crystal structure as the alloy formed, e.g. for f.c.c. 
alloys:
V S  = -Nc(l-o) (6W^1i +  3W^2^)   equation 13(c)
Fh (c°T=0K) = -N(°(6w^  + 3W ^  ) - e2(^W^1h+ 6W^2 )^j for oi
. eq uat I on 1
Fh^!t=OK) = ~N(c(6w^  + 3W 2^1  - 12c2W ^ j  for OiS cS 0.25
..........equation 15
0K) - -n[w(1) - 1,.5W (2  ^ + o(2W ^  + 9W^2 )^ - 12fi2sF2^
for 0.25< c< 0.5........ . ......... equation 16
where N is the total number of atoms. The label T=0 K 
indicates that equations I3-I6 hold for completely long- 
range ordered alloys. Additional terms are necessary if 
magnetic alloys or components are applied, and these have 
been discussed and applied by Inden.^
(b) From critical temperatures.
Interchange energies can be connected with the
critical temperature for long-range order only by applying
(1<) . ’ 
statistical models. Due to different approximations
(1} (2}in the varims models, the interchange energies, W v ' and W v ' 
as determined from energy measurements, yield different critical 
temperatures.
In the case of the BWG model^-^,^ ^  the contribution 
of short range order prior to the critical ordering temperature 
was ignored. This results in calculated ordering temperatures 
which are always higher than experimentally determined values. 
Inden found, however, that a correction factor,X  , could
(7<)
be used to allow for this discrepancy. Equation 17
relates the interchange energies specifically to the type
of ordering found for Fe^Pt (Ll^).
kT^1^ " ^  = X  c(1-c)  ^ - 6W^2 )^ ......... equation 17
— 2 A —1where k is Boltzmann's constant (13*8x10“ J K" ).
2.2.9 Calculation of Ternary Ordering Temperatures of the 
Type Ll^-Al (f.c.c.).
The addition of a third component to a binary 
alloy greatly increases the complexity of calculating 
phase equilibria. It also increases the number of possible
interactions, so nearest and next nearest neighbour energies 
must be known for A-B, A-C and B-C pairs of atoms in 
an A-B-C ternary alloy. An equation has been formulated 
by Inden^^ which includes all the long range • ordering 
parameters and interchange energies. This equation has 
been used to determine the critical ordering temperatures 
for all the ternary alloys used in this thesis and for 
those that have been determined experimentally in other 
parts of the ternary phase diagram, (see Figure (5 3)). The 
equation includes terms to compensate for any influence 
of magnetic ordering of the structure.
kTx = x j a a c ^ h  * 0( W ^  - * c2^  )
+ z* » M b ~ H b + ° H b  ^+ ((2aoCW^} -
+ 2bc(W^ - ^ g )  + 0?j(i)) + 2al»(wj|> - |w]2) * ) f
~ at>c(l6(W^> - 1 4 ZC + ~ M bV  + ° ^ 4 b I
- ^ WAC} - H V  + WBC5- 2WBC} - VAB, + M b
+2cr2J^^ )2))2 j . ................   .equation 18
(1) (2)(Note, interchange energies W and W are expressed
in "k" units, where k is Boltzmann's constant).
^AA^’ ^BB^ and JAB^ are binary magnetic interaction
(1) . . (75)parameters, and is the magnetic interchange energy
where:
M (l) _ OT(l)  ^ T(l) T(l)
lA,B ~^UA.B °AA ‘ UBB  • • ^ equation, 1,%
( n c A1 )
<r is the magnetic order parameter. D' '
2.3 The Martensitic Transformation.
The martensite transformation is defined here as
a "first-order solid state structural transformation, which
is diffusionless, involves relative atom movements of less
than the interatomic spacing, and exhibits a lattice
correspondence (which is not necessarily unique) between
(82)the initial and final structures." } In this thesis,
the martensitic transformation has not been fundamentally
investigated, but has been used, primarily, as an indication
of chemical ordering.(see section 2.5*1)•
The development of the geometric theory of martensitic
transformations by Wechsler, Lieberman and Read^-^ , and
by Bowles and M a c k e n z i e i s  clearly outlined in the
/ o c;)
review by Lieberman . The theory was originally formulated
on the basis of concepts developed in an extensive
investigation of the single surface transformation in
Au- 47.5 a t . C d J  and has been very successful in
accounting for ..many of the important crystallographic
features observed in a number of transformations. It is
based on the assumption that the Interface between the
austenite matrix and the growing martensite must be a
plane of zero average macroscopic distortion. This condition
(87)cannot be satisfied by the operation of the Bain distortion 
alone (see Figure (12))* and the superposition of an 
additional lattice-invariant strain is geometrically 
necessary. The distortion involved is therefore treated 
as an invariant plane strain, and the lattice invariant 
strain component may be slip or twinning. Once this
postulation is made, the geometry of the transformation can 
be treated in terms of double or multiple 
shear with reasonable success.
Clearly the energy requirements for the martensite/ 
martensite interfaces will be minimised if such interfaces 
are coherent. This would be the case for twin boundaries, 
since the two twin-related variants would then possess 
a plane in common. Such interfaces are likely to'.be 
frequent when they are geometrically possible.
The. kinetic features of most martensitic transformations 
are described as athermal,a transformation on cooling 
that begins at a certain temperature (M ) but progresses 
only if the temperature is continually lowered, until a 
certain temperature (M^) is reached. The corresponding 
temperatures for the reverse transformations are A and A^.
In some cases, 100^ transformation is never attained by 
simple cooling, since is below liquid helium temperatures. 
The M temperature must be below T , the temperature atS 0
which the parent and the product phase have the same 
energy, before spontaneous transformation on cooling can 
begin. The difference^TQ-Mg^is a measure of the driving 
force needed to begin the transformation.-When there is 
a large change associated with the formation of martensite, 
(Figure (13))» the driving force (T -M ), the temperatureU o
range of transformation and the hysteresis (A^-M^)
(91) .are. usually all large. In contrast, the transformations
with small shape changes, especially when they can be
self-accommodated,usually begin when the driving force.
is small, and are completed in small temperature intervals.
(see Figure (13)).
There are important differences in the reaction 
behaviour between the two cases illustrated in Figure (1^).
The Fe-Ni alloys transform to martensite on cooling by 
the successive formation of new plates, with each one 
"shooting out", suddenly, to its final size. Consequently 
the course of the transformation as a function of decreasing 
temperature, is dependent on the rate of nucleation and 
size of .the fully grown plates, but not upon their rate 
of growth. Such reactions are typified by a high degree 
of supercooling and hence, a relatively large driving 
force below the martensite start temperature -(M )•
In contrast, the Au-Cd alloys generate martensite 
plates that do not reach their final size at once. Instead, 
although each unit seems to nucleate suddenly, and "pop’"out" 
to a detectable size within a fraction of a second, 
further propagation in length and thickness continues with 
the decreasing temperature, until collision or joining 
takes place. Martensitic reactions in this category start to 
transform with comparatively little supercooling, and the 
driving force is insufficient to supply the strain energy 
and other nonchemical requirements of the fully grown plates.
Corresponding differences carry over to the revererse 
transformation on heating. In systems of the Au-Cd class 
the reverse transformation occurs with relatively little 
superheating, the martensite plates shrink more or less 
progressively and disappear approximately in the reverse order
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Figure 12 The lattice correspondence for the martensite 
formation in steels, (a) the tetragonal unit 
cell outlined in the austenite matrix, (b) the 
lattice pure deformation (Bain strain) carrying 
the austenite cell into the martensite cell of 
axial ratio c/a (85) •
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Electrical resistance changes during the cooling 
and heating of (1) Fe-Ni, and (2) Au-Cd alloys 
illustrating the transformation hysteresis(91)
of their formation. There is no obvious nucleation process 
involved in the reversion. However, in the Fe-Ni case 
appreciable superheating is necessary to start the reversal,
and the plates do not snap back out of existence, but
. . (92)
often transform piece-wise m  smaller plate-like units.
2 .3.I Martensitic Transformation of Disordered 
Fe-2 5 at.% Pt alloy.
Disordered Fe-Pt alloys containing approximately
25 at.fo Pt undergo transformation from f.c.c. austenite
to b.c.c. martensite on cooling below ambient temperature.
The crystallography of this transformation has been 
. . • (93)investigated in detail'^ and measurements of the shape
strain and orientation relationships are in close agreement 
with the predictions of phenomenological crystallographic 
theories. In essence, the crystallography of this transformation 
is the (3,15,10)p type observed in Fe-Ni^^ an^ Fe-Ni-C^'^ 
alloys.
The variation in resistivity which occurs during a 
cooling-heating cycle in a disordered Fe-2A at.% Pt alloy 
is shown in Figure (lA).^^The resistivity w'as measured
on cooling from the austenising temperature of 1173 K
to 77 K , and then reheating to 1023 K. The sharp drop 
in resistivity at 5I5 K can be associated with the Ms
temperature, and corresponds to a burst of transformation 
which typically produces approximately 50% martensite, over 
a very narrow temperature range. The temperature was 
estimated to be 168 K, and the Ag and temperatures were
200 400 600 800 1000
Temperature [K]
Figure Ik Resistivity vs. temperature curve for disordered 
Fe-2^at^ Pt. alloy showing a wide temperature 
hysteresis and hurst effect at the M (96).
A lloy 
(at$ Pt)
Lattice Parameter Ms
(K)
Reference
oc'
22.0 - 2.958 - (97)
23.O 3-709 2.958 341 (98)
23.25 3.715 2.964 363 (97)
2^.0 3.717 2.962 315 (98)
2^.0 3.718 2.966 315 (96)
2^.0 3.716 2.965 315 (99)
2-5 .0 - 3.721 2.965 293 (98)
25.O 3.723 2.969 233 (67)
Table 5 M tempo rat u re r; and lattice parameters foro
disordered Fe-Pt alloys'.
6^5 and 868 K respectively. The width of the transformation 
hysteresis loop is approximately ^50 K and is comparable to 
that observed for an Fe-30 a t N i  alloy.
Lattice parameter measurements for disordered austenite 
and martensite for alloys in the range 22 to 25 at.$ Pt 
are shown in Table (^), together with their respective 
Mg temperatures. The plates formed in the disordered 
specimens are characteristically broad and lenticular, and 
are frequently associated with extensive accommodating 
slip in.surrounding austenite.
Reversion of the disordered martensite on heating 
is associated with the production of dislocations.
These dislocations are in the form of roughly parallel 
loops. The array of loops lies in the'interfacial habit 
plane, which is approximately (3,15> 10)^ • The direction
of the Burger’s vector is<110>^, which is the principle 
slip direction in the austenite lattice, but which is 
not a direction lying in the habit plane. Consequently, 
the dislocation loops in the original interface must be 
sessile. Other dislocations are contained within the plate 
of austenite bounded by the dislocation walls, but because 
the Burger’s vector direction is <110>^, it seems likely 
that they are the debris from glide . dislocations.
It is likely that reversion to austenite occurs not by 
reverse movement of the martensite interface, but, as in 
Fe-Ni alloys, by renucleation of austenite within the 
martensite. This conclusion is reinforced by the observations 
that in partially transformed specimens plates of dislocated
austenite lie parallel to plates of untransformed martensite 
(Figure (15))•
2.3*2 Martensitic Transformation of Fe-25at.^ Ni Alloy 
Fe-Ni alloys undergo a transformation from f.c.c 
austenite to b.c.c martensite up to approximately 35at.^ Ni 
(see Table (5))* Examination of the internal structures of 
the martensite employing TEM techniques shows that the 
martensite, which is formed in alloys containing less than 
25at.^ Ni, had a cellular dislocation structure with no 
internal twins^00  ^ In alloys containing greater than 
approximately 25at.$ Ni the martensite contained internal 
twins. The higher Ni alloy martensite was platelike in shape 
(plate martensite) but the lower Ni alloy martensite formed 
in shorter blocky crystals, some of which were twin related
to each other (lath martensite). However, other investigators
102) •'have put the transition from the lath type to plate like
martensite at /the higher Ni content of 29at.$. Electron
microscopy of an Fe-24.5at.^ Ni alloy by Marder^^-^ showed
martensite as laths and platelets.
(10^) . . . Patterson and Wayman have studied martensite m
Fe-28 to 33wt.^ Ni alloy compositions. They observed that
the amount of twinning in the martensite plates increased
with increasing Ni content, and exhibited habit planes near
{2,5,9}^05-1o6)
(101,
Figure 15 Dislocations formed by the reverse
transformations and an untransformed plate 
of martensite (labelled M)(56)
Alloy Ms As Reference
(at% Ni) (K:)
9-50 798 953 (107)
1^.50 623 898 (107)
19.00 ^83 8^3 (107)
23.75 393 783 (107)
28.00 280 698 (107)
30.70 201 608 (107)
33.00 171 56 8 (108)
33.00 1^9 58^ (109)
33.95 65 573 (109)
3^.1^ 77 553 (108)
Table 5 M and A temperatures as a function of at$ N s s
2 .k Invar Behaviour.
2.^.1.Introduction.
Invar (approximately 35 at.$ Ni, 65 at.^ Fe
(110)alloy) was discovered and named by Guillaume in
1897) and such alloys show a low thermal expansivity near
(1 11 11 2)
room temperature. ’ The term has also been applied
to Fe-Pt alloys of approximate composition 25 at.$ Pt,
which show a large negative expansivity at the same 
(14-1)temperature. The value of the expansion coefficient
for both Fe-Pt and Fe-Ni alloys around room temperature
has been shown to be very sensitive to heat treatment, (^32,1^1).-
and this fact has been used in this thesis as an indication
of prior heat treatment (ordering) of the austenite
phase.
Although now exhaustively researched for nearly a 
century, many alternative explanations still exist for 
the effect. Theories have been based on:
(i) statistical microstructural fluctuation of the alloy,
(117)as suggested by Kachi et al,
(ii) the Band theory! -^^)
(iii) short range order of the austenite, as postulated
(130) .by Schlosser. This has been shown to decrease the
(131 132)Invar effect J J 1 and has been used to explain the 
fact that quenching and cold work optimise the Invar 
properties, by way of destroying any short range order 
in the system.
(iv) competing electronic states, as first suggested
, ’ . (1U)by Weiss '
/ \ -W- 4-* -P -M. -K 4-V, • (113,118,119,120)(v) combinations of the above theories.
It can be seen that a variety of theories, based on
both experimentation and theoretical analysis, have been
proposed to explain the Invar effect. It is possible that
more than one theory can be used to interpret a series :
of experimental results produced from alloys of this type.
Thus it becomes necessary to analyse results in a manner
which enables a predicted theory to be used as a model to
describe the data obtained. Weiss* theory has found •
(123 12*f 123)
increasing success by other investigators ’ 1 .
in-explaining the expansion anomalies in Fe-Ni alloys.
Therefore an attempt has been made to expand this theory
to account for the behaviour of Fe-Pt-Ni alloys.
Weiss ^ ^  proposed that iron atoms could exist in
two discrete electronic states,^ and , either a low
spin state (antiferromagnetic) or a high spin state
(ferromagnetic) , depending upon the alloy concentration
and temperature, see Table (6). The two states in pure
iron have different properties, as indicated in Table (6)
and the energy separating the two electronic states A e 1 1
was calculated to be -0.0355 eV in pure iron. This energy
difference changed with composition as shown in Figure (16),
a negative value indicating that "ill is the most stable state,
a positive value indicating that^ is the most stable state.
Initially, the model was proposed to explain the specific 
(121)heat and electrical resistivity of pure iron under
(122)pressure . The coexistence of ferromagnetism and
antiferromagnetism in the Fe-Ni alloys was assumed In Weiss'
theory, although Naksmura et a l ^ ^ ^  , and A s a n o ^ ^ ^  and 
(129)
Ettwig have shown the coexistance of these states. In 
general the evidence for this fact has been rather indirect.
Property X 1 ^ 2 Units
Spin per Atom 0.5 2.8 UB
Critical Temperature 80 ■ 1800 K
Magnetic Order Antiferromagnetic Ferromagnetic -
Lattice Parameter 3-5^ 3-6^ A
Table 6 Relative properties of the two gamma states of 
iron(llA)
>
a>
UJ
<
at°/o Ni
Figure 16 The energy separation, in ev., of the ^  and 
levels of the iron atom in an f.c.c. cubic 
lattice as a function of Ni concentration(ll^)•
The theory states that as Fe is alloyed with sufficient 
Ni the order of the levels can be reversed with the 
ferromagnetic (high volume) level being stabilised. In cases 
where the level is stabilised, thermal excitation of the 
level decreases the atomic volume in opposition to the normal 
anharmonic source of expansion and, depending on the energy 
difference of the two levels ( A E ' ) / can yield an apparent 
expansion coefficient that is markedly decreased or even 
zero (Invar).
To use Weiss’ hypothesis to calculate the expansion 
coefficients certain assumptions have to be made, which 
can be summarised as follows:
(a) that the change in interatomic distance provided 
by the two gamma state equilibrium,Aa1, is additive to 
the change in interatomic distance,A a ° , produced by
the normal expansion coefficient (c*f!?) .Xj
(b) that there is a constant difference in the 
effective lattice parameters of iron in the two gamma 
states (A  a ' 2) .
(c) that the ratio of the two gamma states (^2-/^) 
is given by:
A
g* exp A e /RT)
awhere A E  is the positive difference in energy between
the two states, and g* is a function of the degeneracy 
of the states.
The fractional change in dimension relative to 
the lattice parameter (a) is then given by the following
equation:
= (A a ^ 2xFe) /a (1 +g * e xp (Ae /r t ) equation 20
Differentiating this equation with respect to temperature 
produces the following expression for the thermal expansion 
coefficient ( °^ ) :
For binary Fe - Ni alloys, if the values of the necessary 
parameters from Weiss' original paper are substituted into the 
equation, and the results are compared with experimental 
values, very good agreement is apparent, as shown in Table (28)v 
Section 5.3.1.
2*4.2 Expansion Coefficient Behaviour of Fe-Ni Alloys
a A e /r t , ,a _
equation 21
equation 22
The thermal expansion coefficient of the Fe-Ni
Invar alloy at temperatures below room temperature has
been measured by White^-^^, Meincke et a l ^ ^ ^  and by 
(12 8)Zakharov et al. J The complicated behaviour of the
thermal expansion coefficients reported by these workers
were in good agreement with each other, as shown in Figure
(17 ) . From zero to approximately 50 K the expansion
coefficients are negative (with a minimum at 25 K of 
— 6 1-1.8x10 K~ ) rising to a positive maximum at approximately 
8 —1
120 K (1.6x1 O’* K ). The usual Invar behaviour, (ie zero
expansion coefficient) exists for this alloy between
d ll ')250 and 300 K. However, Voroshilov et al- ' have shown
that the history of the alloy, including heat treatment
and deformation, can alter the values recorded, as
illustrated in Figure (18 ).
The effect of composition on the expansion coefficient
for Fe-Ni alloys is shown in Figure ( 19 )• All the
investigators d 36-i^O) utilised dilatometric techniques
to record the-expansion coefficients at room temperature,
on alloys quenched from the austenite region which were
thus in the disordered state. The curve shows a minimum at
8 1
approximately 36 a t N i  with a value of 1.0x10“ K“ .
This value can be considerably altered by heat treatment 
and/or cold work.^?^ The expansivity is greatest in 
well annealed material and least in the quenched samples, :
as demonstrated in Table (7).
0 100 200 300
Temperature [Kl
Figure 17 Variation of expansion coefficient with
temperature for an Fe-36at% Ni alloy(l35)•
100 200 . 
Temperature [Kl
Figure 18 Variation of expansion coefficient with
temperature for an Fe-36at% Ni alloy(l3l)»
(1)plastically deformed,(2)3mins. 1223K.,WQ. 
(3)3mins. 1173K.,WQ,+lhr. at 588K.,(^)3mins.l223K. 
air cooled ,(5) 3m -^ns. 1223K. furnace cooled, 
(6)873K.(5hrs.) step cooled to 373K. over 90hrs.
10-
® (136) 
a (111) 
^ (137) 
 ^ (138) 
° (1 ) 
a (139) 
•+ (140)
C l
100
Figure 19 The effect of composition on the expansion 
coefficients for Fe-Ni alloys.
Treatment Expansion Coefficient
(x 1 0 " K_1(288-373K.)
After forging 1.66
Quenched from 1103K. 0.6^
Quenched from 1103K., tempered 1.02
Cooled from II03K. to 293K. in I9hrs. 2.01
Table 7 The effect of thermal history on the expansion 
coefficients of an Fe-36at^ Ni alloy(l36).
2.^.3 Expansion Coefficient Behaviour of Fe-Pt Alloys.
(1 111)Kussman et a r  investigated the Fe-Pt
system in 19^8 and showed that there was a minimum in the .
expansion coefficient versus composition curve in the
region 25-26 at.^ Pt. The shape of the curve was similar
to that obtained for the Fe-Ni system, but the minimum
-6 -1value recorded in this case was -30.0x10“ K . Masumoto 
(1 hP)et al repeated Kussman*s experiments and obtained
very different results, recording a minimum value of only
—  6 1 *-12.0x10“ K“ , although there is mention of having
quenched the alloys from the austenising temperature
(see section 2. t'.2) .The results for the disordered behaviour
of Fe-Pt alloys of the approximate composition Fe^Pt are
shown in Figure ( 20 ), (filled symbols). The curve is
very steep at approximately 25 at.^ Pt and over a very
small composition range.
Nakamura et a l ^ ^ ^  have investigated an alloy with
the composition 28 at.$ Pt, designed to avoid the martensitic
transformation. They found no evidence for the coexistence
of magnetic states, which was in contrast to the Fe-Ni
system. The anomalous thermal expansion coefficient
behaviour, below the Curie temperature, was ascribed
purely to magnetic ordering, see Figure ( 21 ).
2.5. The Effect of Atomic Order on the Martensitic Transformation
of FeJPt.
( 11)Berkowitz et al reported that ordered alloys
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Figure 20 Variation of expansion coefficients with 
composition in binary Fo-Pt alloys.
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Figure 21 Fractional volume change co(T), hypothetical 
thermal expansion0 ^(T) (dotted line) due 
to lattice vibration and spontaneous volume 
magnetostriction, 0 _(T)» as a function of 
temperature for the disordered ^672^28 a*lloy(150)
containing more than 25 at.% Pt do not transform to martensite 
on cooling to liquid temperature. Recent experiments by 
Efsic and Wayman^^  ^ have shown that disordered Fe-2^.5 at.^Pt 
alloys transform to martensite at approximately-268 K, . ■ . . 
while the same alloy ordered at 923 K for 2A hr. did not
transform in liquid nitrogen.
( 33 )Tadaki and Shimizu have recently reported a
transmission microscopy study of martensite formed in an
ordered 25 at.^ Pt alloy. From a trace analysis it was concluded
that the .habit plane was the same as that observed for
the disordered Fe-2A.5 at.$ Pt alloy.  ^ Furthermore,
they observed {112}^ transformation twins of the predicted
crystallographic variant, and similar to those reported for
the {3,15,lo"}F transformation in Fe-Ni and Fe-Ni-C alloys.
The martensite superlattice lines obtained by Tadaki and
Shimizu were consistent with those expected if the martensite
was derived from a Cu^Au type parent superlattice by means
of the Bain distortion. The direct effect of ordering the
austenite lattice on the martensite start temperature is
shown in Figure (22). These results by Umemoto and Waymanl^^^
determined by electrical resistivity.measurements, show
the M to be substantially decreased,with increased ordering
time in all three alloys. However, the depression of the
M with ordering becomes less, as the composition departs s
from stoichiometry. The results produced by Iknne and Wayman^ ^   ^
agree well with the results shown in Figure (22), even . 
though a metallographic technique was used to determine them. . 
Kajiwara and Owen^ 6^.) and Urromoto and Wayman^-^ have shown
23 Pt250-
24 Pt
q .2'00 -
25 Pt
10 1000
Ordering time at 823 K (hr)
Figure .22 Variation in M temperature as a function of
ordering time at 823K.(155)•
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Figure 23 Variation 
in amount of thermal 
hysteresis as a 
function of ordering 
time at 823K.(155)
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that the time required for constant depression of the 
is greatly shortened by ordering at 923 K, rather than at 
823 K, as shown in Table (8).
The effect of order on the reverse transformation
is as dramatic as the effect observed on the M . Figures
(23) and (24) demonstrate the results obtained by Umemtoto
and Waymani! The amount of hysteresis decreases with
increased ordering in the alloys, and tends to level off
at small values. This trend agrees well with/similar results
obtained by Dunne and Wayman^^  ^ and Kajiwara and Owen!^ ^
The investigation of the morphology of the martensite plates
formed in the disordered and partially ordered specimens,
carried out by Dunne and Wayman[^  ^ indicated that they
were broad and lenticular. By contrast, plates formed from
more ordered specimens were narrower and formed in clusters
of near parallel variant, whereas the disordered martensite
plates were commonly formed into zig-zag patterns. Umemoto
and Wayman^ ^  ^  have intensively investigated the morphologies
of disordered and ordered martensites of 23,24, and 25 at.^ Pt
alloys. They have shown that two types of martensite exist*
namely lenticular and thin plate, as shown in Figure (25 ).
These two types of martensite depend mainly upon the
formation temperature of the martensite, and not upon the
amount of martensite tetragonality, or the equivalent
degree of order of the parent phase. The lenticular
martensite was observed in specimens with an M temperatures
above 253 K, while the thin plate martensite was observed
in specimens with an M temperature below 268 K. Thes
M Temperature (K): 228 s 208 195 I 63 77
Time(hrs) @ 923K. *. 0.17 0.33 0.5 1 5.
M Temperature (K) : 2^4-8 s 2^3 223 208 153
Time(hrs) @ 823K. : 1 2 5 10 20
Table 8 Effect of ordering time at 9^3 and 823K. on
‘the M temperature for an Fe-25at^ Pt alloy. (56,155)
Figure -2 5 Optical micrograph showing both lenticular;
(lefthand side) and thin plate(righthand side)
martonsites(98)•
experimentalists observed that it was the thin plate 
specimens with small hysteresis that exhibited thermoelastic 
transformation (and not the lenticular martensite).. They 
concluded that the difference in appearance of the martensite 
morphology was caused by the difference in the amount of 
of elastic strain around the martensite plate.
2.5*1 Martensite Tetragonality.
Martensite transformed from disordered martensite
• ( 93 )is body centred cubic m  structure. . ' Once the austenite
is annealed below the ordering temperature, i.e. is ordered,
the resultant transformed martensite is now body centred
tetragonal, with ac/a ratio of greater than unity. The
c/a ration increases with increasing time at temperature,
( \ < <) ( on )
decreasing Mg , or degree of order 77 , and all three
are inextricably linked together. The results from a
(let)
recent investigation by Umemoto and Wayman . are shown
in Figures (26) and (27), and are typical of results
( 9 7  0 9  ) . ,
found by other investigators, 71 77 which are shown m
Table (9). The highest c/a ratio found by Umemoto and Wayman
was for a 2^ at.^ Pt alloy, ordered at 823 K for 500 hr.
2.3.2 Thermoelastic Behaviour of Ordered Martensite.
Dunne and W a y m a n ^^  ) have shown that on ordering 
Pe^Pt the habit plane, orientation relationship,lattice 
variant shear and the direction and magnitude of the 
macroscopic shape change of the martensite transformation 
are all unaffected. ■
(101L  (111).
(011 f A '
= 1.059 
(110L
520 510 500
29 Degrees
490
Figure 26 X-ray diffraction patterns taken fron an Fe-
Zkat% Pt alloy ordered at various times at 823K. 
(l)30hrs. (2)70hrs. (3)200hrs.(155)
£_
25 P t^  
-"'24R
10
Ordering time at 823K (hr)
Figure 27 Variation in martensite tetragonalities as a 
function of ordering time at 823K.(155)
Time(hrs) @ 923K- 0 6 10 100
M (K)s 315 22 6 220 199 178
Degree of Order(S) 0 0.6 0.7 0.8 > 0.8
Lattice Parameter 
of Martensite (A) 
@ 77K.
a=2.960 a=2.892 
c=3.106
—=1.07^
a=2 .887 
c=3.126
1=1.083
a=2 .873 
c=3.152 
§=1.097
a=2 .865 (a) 
c=3.170
-=1.106
&
Time(hrs) @ 923K* 0.16 0.5 ■ 2
c •~ ratio ofcl
Martensite @ 298K. 1.018 1.025
C
1.0A2
0)
Table 9 Effect of ordering time at 923K. for an Fe-2Aat$ Pt 
alloy on the martensite tetragonality, (a)(99)
Co) (97)
Thermoelastic positive or negative growth of a plate 
of martensite requires that the driving force required 
to move the o(/ interface, in a forward or backward 
direction, is small compared to the driving force required 
to nucleate the stable phase.^ 36>56 ) Qn heating, this 
energy is supplied by the release of stored elastic strain 
energy. Elastic strain is reversible, whereas plastic 
strain produced by slip is not. During truly thermoelastic 
growth all the accommodation strain is e l a s t i c . ) since 
this energy change is small, the degree of superheating required 
to complete the transformation is small and the
interface can move slowly. The net free energy change, AW, 
in Joules per martensite plate, is determined by the 
difference between the chemical free energy AG i and the
.  K~o*' °
non-chemical free energy change AG :X lU
I /
Aw = A g *"* - A G^    . .equation 23
Y- diwhere A G 6 is negative below T and the positive term AGc ° o nc
takes account of changes of energy due to surface, magnetic 
or other effects^^
During the growth of a thermoelastic martensite plate, 
the surface free energy term can be neglected, and in the 
case of a Class II transformation, i.e. where M . to is
large and M_> A , which is typical for Fe~Pt orderedS o  J
(56 96 )
martensitev ’ ,see Figure (28).
A g^ q = AGg***6   equation 24
where AG^ is-the change in elastic strain energy. Assuming
(1 Y
that only a localised shear strain occurs, Fisher et al
class I class II
Temperature — - *
Figure 28 Schematic representation of the hysteresis loops 
presently designated for class I and class II 
thermoelastic martensite transformations.
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Figure 29 "Growth curve" for a thermoelastic martensite 
plate showing schematically the variation in 
elastic and chemical free energy changes as a 
function of plate size.
have calculated that the strain energy accompanying the 
formation of an oblate spheroid of martensite is:
AGg = A rr rc   equation 25
where r is the martensite particle radius, c is the
thickness and A. is a constant determined by the shear
modulus of the matrix and the magnitude of the shear strain.
p
Given that the volume, V, of an oblate spheroid is V= Tfr c, 
equation 2 A can be rewritten as:
A g^  = (AT#cl V1’ )
= ATI ^r^V^   equation 26
. ( 1 A 6 - 1 A 9 )In many thermoelastic transformations 7 it is
observed that the final plate radius is attained with only 
limited thickening and that further growth occurs by 
thickening only. In these cases it can be assumed that 
growth occurs initially under conditions of constant c, 
and finally under conditions of constant r. This approximation
aresults m  a value of Z1GE which is proportional to
-  2 Vs initially, and then to V in the following stages of
growth, which is illustrated in Figure (29).
The rapid increase in elastic strain energy with
increasing plate volume ensures that a minimum occurs in
A w  at a specific plate volume, VQ. Plate growth will
cease when VQ is reached, and provided that the accommodation
stresses do not exceed the elastic limit of the matrix, the
. (1A 5)plate will be m  equilibrium with the matrix.
2.5*3 Factors Affecting the Thermoelastic Behaviour 
in Fe^Pt.
Thermoelastic behaviour of the martensite is 
only seen in Fe^Pt alloys when transformed from partially 
or fully ordered austenite.^ ^  ^
Dunne and Wayman^^  ^ have postulated that ordering 
could lead to an increase in the elastic limit, and a 
lowering of the M temperature. This was inferred fromo
the assumption that martensite formation from ordered 
austenite commenceswith a small supercooling and with a 
small chemical free energy change, together with an increase 
in the stability of the austenite relative to the martensite 
which would help to overcome the nucleation barrier 
existing in the disordered case. Figure (30) shows 
schematically how these factors would bring about both a 
decrease in the and a decrease in the change of chemical 
free energy at M , thus producing a thermoelastic type 
behaviour. It :should be noted that Figure (30) is schematic 
and although adequate for the qualitative statement, no 
account has been taken of the fact that ordering will 
affect the entropy and hence the slope of the free energy 
curves corresponding to the disordered and ordered alloys.
One observation which lends credence to the proposition that 
the austenite stability increases relative to the martensite 
on ordering is: the ordered austenite has an Ll^ type 
superlattice while the "inherited” martensite superlattice 
does not correspond to a "naturally" occurring superlattice, 
in the manner shown in Figure (31).
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Figure 30 Schematic diagram showing variation of chemical 
free energy change with temperature for both 
the ordered and disordered transformations.
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Figure 31 Unit cells for the ordered F.C.C. lattice(I/l^)
and the inherited superstructure for the martensite, 
as compared to the unit cell of the Fe^Al super­
structure (DO^) . ( 0 indicate Fe atoms? • indicate 
Pt or A1 atoms)(96).
Herbeuval et  ^ recently reported that when an
alloy has a long range order parameter (S) equal to or 
greater than 0.6 then the transformation becomes thermo­
elastic. However ordering of the austenite, as has been 
shown earlier, affects the M ,  tetragonality, hysteresiso
and volume change on transformation, as shown in Table (10).
Umemoto and Wayman^-'^ studied the transformation in
greater depth and concluded, from interpolating graphs of
the above effects, that tetragonality was not the dominant
factor that controlled the thermoelastic behaviour of the
Fe-Pt alloys. Since the martensite tetragonality is a function
of the degree of order of the parent phase they also concluded
that this was also not the dominant factor in controlling
the thermoelastic behaviour. No single factor appeared to be
the dominant factor responsible for thermoelastic behaviour.
. . (5 5 ^Tadaki and Shimizu ' concluded that a small volume
/A ^ » .change (AV ) was important for the presence of thermoelastic
behaviour from =the observed decrease in volume change (AV )
on ordering^-^ However, Magee and Davis^57) studied a
variety of Fe-Ni-Co alloys and showed that the temperature
%'u!
difference A -M was appreciable even at Av =0. They s s
Y —J--
concluded that Av c =0 was not a sufficient condition for
(go )
forming reversible martensite. Tadaki et alX77 ’ in a more
recent study of the behaviour suggested from their results
that the expansion properties of the austenite prior to
transformation had an influence on the thermoelastic
behaviour of the martensite. They postulate that a temperature
interval between the Curie temperature (T ) and the Mac s
Time(hrs) @ 823K. 0 2 5 • 10 15 20 2 5
f 293K.
J  \
21IK.
[ 81K.
1.4 1.3 1.4 
0.3
1.4
-0.2 0.2
0.1 -0.3 -0.2
Table 10 Variation in the transformation volume change 
(AV^ x*m) in an Fe-25at$ Pt alloy with ordering 
time at 823K.(155)
of 100 K was essential for the Invar effect to become 
decisively effective, and thus for the occurrence of 
thermoelastic transformation with a small volume change.
The preceeding sections have indicated that increasing 
the amount of order in the austenite leads to an increase 
in:
(i) the matrix elastic limit,
(ii) the tetragonality of the resultant martensite,
(iii) the Curie temperature, 
corresonding decreases are seen in:
(i) the chemical free energy change,
(ii) the volume change on transformation,
(iii) the thermal hysteresis (A -M ).s s
Taking all these factors into consideration, no 
single factor appears to be dominant in describing 
thermoelastic behaviour. It has been concluded that the 
observed thermoelastic transformation in in Fe - Pt 
alloys results from the mutual contribution of all the 
above factors. ^ -55)
2.6 Effect of Atomic Order on the Curie Temperature 
of Fe^Pt.
The austenite phase undergoes a ferromagnetic
(1 1change when cooled to lower temperatures. Kussman et al '
investigated the Fe-Pt system and showed that the Curie
temperature for the ordered Fe^Pt was some 100 K higher
(11 \
than for the disordered value. Berkowitz et alv J in
their investigation found that on ordering the Curie 
temperature increased by 125 K. However, no evidence 
for two distinct Curie temperatures was observed. A single 
Curie temperature was observed which increased continuously 
from the disordered to the ordered value. They concluded 
that their evidence was consistent with the presence of 
a homogeneous single phase during ordering. A similar
( no y
conclusion was also suggested by Tadaki et al 77 *
from their investigation into the martensitic transformation
of Fe^Pt alloys, as shown in Figure (32).
In an investigation into the effect of order on the 
Curie temperature Mizoguchi et a l ^ ^  assumed that 
the Curie temperature (T ) was determined by the sum of 
the nearest neighbour pair interactions :
Tc = PFeFeTFeFe + PFePtTFePt + PPtPtTPtPt ’ Qn— 2 -
where P is related to the number of Fe-Fe, Fe-Pt and 
Pt-Pt atomic pairs, and etc. are proportional
in the alloy to the magnetic interaction energy of the 
nearest neighbour Fe-Fe pairs etc. They calculated that 
the relative number of nearest neighbours 'of Fe-Fe and 
Pt-Pt pairs increased on ordering and effectively increased 
the Fe/Pt ratio locally in the alloy ,(Table 11). This would result 
in an increase in the Curie temperature. From their 
results they also concluded that the exchange interactions 
were long-ranged in the Fe-Pt atoms, so that the interaction 
between more distant pairs of atoms could not be neglected.
Values of the Curie temperature for disordered 
and ordered conditions are shown in Figure ( 33)» and are
L_
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Figure 32 Variation of and as a function of orderingL* S
time at 923K. for an Fe-24at$ Pt alloy(99)«
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Figure 33 Values of the Curie temperature (Tc) for
(a) disordered and (b) ordered Fe-Pt alloys.
xPt
P
FeFe PFePt PPtPt
Ordered
0.250
0.275
0.300
0.500 
0.467 
0.436
0.500 
0.516 
0.528
0.000
0.017
0.036
Disordered
0.250
0.275
0.300
0.562
0.562
0.490
0.375
0.399
0.420
O.O63
0.076
0.090
Table 11 The ratio of Fe-Fe, Fe-Pt and Pt-Pt nearest 
neighbour pairs in Fe. Pt alloys(l54).
-L —X  X
Time(hrs) @ 923&. k 6 10 100
Degreer. of Order(S) 
Expansion Coefficient 
(X 10-6K_1)
0.6 
-16
0.7
-18
0.8
-20
>0.8 
-16
Table 12 Variation of the expansion coefficient with 
degree of order f or an Fe-24at?6 Pt alloy(99)«
obtained from various sources. The disordered values 
tend to be in good agreement, if good quenching techniques 
have been used by the investigators. The ordered values 
are not always in unison, due to the difficulty in 
obtaining fully ordered specimens.
2.7 Effect of Atomic Order on the Expansion Coefficient 
of Fe^Pt alloys.
The overall effect of order on the expansion coefficient
is to reduce the disordered values to more positive ones,
as shown in Figure (20). However, it should be noted
( 9 9  )
that Tadaki et al have shown that on ordering an
Fe-24 at.$ Pt alloy, the sequence of values, on ordering
was initially to more negative values, and subsequently
to more positive ones, which can be seen in Table (^2).
This phenomenon was not apparent in alloys with composition
(141)
greater than 25 at.fo Pt. Kussman et al ■ and Nakamura 
(1 54)et al ' have shown that on ordering alloys with the
compositions 27*5 a t a n d  28 at.^ Pt respectively,the
values of the expansion coefficients attributable to
the ordered condition were more positive than the corresponding
disordered values, when measured over the same temperature
interval. If it is assumed that the expansion coefficient
in Fe-Pt alloys can be ascribed purely to the magnetic
(1 54)order of the lattice, as described by Nakamura'. , then 
these observations can be schematically illustrated, 
as shown in Figure (34).
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As the Curie temperature is increased by the ordering 
of the lattice, the expansion coefficient versus temperature 
curve is, in effect, shifted to higher temperatures, 
as shown in Figure (3 )^ (b). Depending on the alloy 
composition this action has the effect shown in Figure (3*0 (c), 
which is consistent with the experimental results.
Alternatively, it is clear from results produced by 
Mizoguchi et a l ^ ^ ^  , where the number of platinum 
nearest neighbours increases on ordering, (see Table (H'')), 
that the. action of ordering the lattice would produce 
an effect similar to that of increasing the platinum 
content of the alloy. This could increase the Curie 
temperature and result in a situation similar to that 
shown in Figure (3^).
CHAPTER 3 EXPERIMENTAL TECHNIQUES.
3.1 Materials.
Alloys of iron, nickel and platinum were prepared 
with the compositions shown in Table (13) • Grade 1 iron, 
vacuum melted grade nickel and 1/2 grade platinum, 
supplied by Johnson Matthey, were used.
3.2 Preparation of Alloys.
The materials were first degreased in acetone. The 
correct proportions of materials for each alloy were 
placed in an argon arc melting furnace, shown in Figure (35), 
to give a final ingot weight of 100 g. The melting process 
was carried out in an atmosphere of flowing argon, at a 
constant pressure of 100 torr. Each alloy was melted five 
times, in order to facilitate proper mixing of the 
constituents in the molten state. After melting, the ingots 
were allowed to cool under argon, in the water cooled copper 
mould, to approximately ambient temperature.
3.3 Preliminary Heat Treatments of Ingots.
The ingots, in the as-cast condition, were shown by 
metallographic analysis to have substantially different 
grain sizes from the top to the bottom of the ingot.This 
difference was due to the temperature gradient across the mould. 
For this reason the ingots were annealed at 1373 K for
Alloy N2 at^
Fe Ni Pt
1 75.0 2.5 22.5
2 75.0 5.0 20.0
3 75.0 10.0 15.0
75.0 12.5 12.5
5 75-0 15.0 10.0
6 75.0 20.0 5.0
7 75.0 22.5 2.5
8 75-0 25.0 0.0
Table 13 Nominal compositions of alloys investigated.
Alloy N- at %
Fe Ni Pt
1 7^»75±0.37 1.76+0.01 23.5^+0.12
2 75.^0+0.37 ^.1^+0.02 20.^6+0.10
3 75.22+0.37 9.26+0*05 15.52+0.08
k 75.77+0.37 II.I5+O.O5 13.08+0.06
5 75.OI+O.37 1^.38+0.07 10.61+0.05
6 75.21+0.37 19. ^ ±0.10 5.35+0.03
7 75.36+0.37 21.73+0.11 2.91+0.03
8 75-61+0.37 2^.39+0.12 O.OO
Table lfy Actual compositions of alloys investigated.
bellows a rrangement
.viewing port
tungsten electrode 
(moveoble)
water- cooled copper 
moulds
p 3  ^ Schematic representation of Argon-arc melting
apparatus used in forming the alloys investigated*
1^0 hr., in evacuated quartz tubes. The specimens were 
water quenched from this temperature. The quench was 
necessary in order to supress any ordering reaction which 
might occur at lower temperatures.
3.^ Specimen Preparation.
The ingots were cut into 25mm lengths prior to 
rolling. The sawings were retained, to be used for "powder" 
x-ray studies, since they were of a size less than 150 microns. 
Ail subsequent powders used in experiments were produced 
using a fine file, because particles of similar size to 
the sawing were produced by this method.
Solid specimens were produced by cold rolling sections 
of the ingot down in 250 micron increments, to sheet 
approximately 300 microns in thickness. Intermediate 
anneals at 1273 K for 15 min. were employed, after 50% 
deformation, in order that cracking of the sheet could 
be kept to a minimum. Specimens were cut from the sheets 
using metal shears.
Specimens for metallographic analysis were ground flat 
then polished on diamond wheels (6yiAand i^a) . in all cases 
acidic ferric chloride was used as an etchant. Microprobe 
analysis was carried out on these specimens, using a 
JE0L JXA.-50A microscope, to confirm the compositioh of 
the alloys. These results are shown in Table (1^).
3.5 Heat Treatment of Specimens.
Subsequent heat treatment of all powder and solid specimens 
was carried out in evacuated quartz tubes. All specimens 
were reheated from ambient temperature (293 K)-,. to the 
required annealing temperature. After the prescribed 
annealing time they were water quenched to ambient temperature 
The water quench was used to ensure that no diffusion 
based transformation could continue on cooling to this 
temperature. The fastest possible quench rate was achieved 
for all the solid specimens, by breaking the quartz tubes 
under water.
3.6 Techniques Used.
3.6.I X-ray Diffraction (Lattice Parameter Measurements)
and heat treated alloys were taken using the Debye and Scherre 
powder method..A Phillips PW 102A/10 camera was used, in
Lattice parameter measurements of all quenched
conjunction with Ks. Co radiation ( \ = 1.7902 A), with
civ
an iron filter, operating at 32 kV and 10 mA. An exposure 
time of two hours was used.
Measurements of the position of the lines on the
j
exposed film were carried out using a Vernier scale, and
corrections were made for film shrinkage. Bragg's law 
was used to calculate lattice parameters for each line
position:
X = 2dsinB . .  ........
where A = the wavelength of radiation
equation 28
d = reciprocal distance between adjacent planes (hkl)
26 = the angle at which diffraction occurs for each 
plane (hkl).
The chief sources of error using the Debye-Scherrer 
camera technique can be summarised as follows:
(i) Film shrinkage (corrected when the line positions 
are measured)
(ii) Incorrect camera diameter (corrected as (i)).
(iii) Off-centring of the specimen (kept to a
minimum by very careful setting up of the camera);
(iv) Absorption in the specimen.
An extrapolation of the lattice parameter values versus
the Nelson-Riley functionP*^^
1 ( cos^Q + cos^8 )
2 ( sin 0 0 )
was undertaken to counteract the fourth source of error. 
Accuracy in the reported lattice parameters was calculated to 
be +0.001 A.
3.6.2 X-rav Diffraction (Low Temperature).
Low temperature x-ray diffraction was carried 
out on powder specimens with a TTK low temperature x-ray 
camera, connected to a Phillips PWI050/30 diffractometer, 
using KoCCo radiation operating at 36 kV and 26 mA, between 
ambient temperature and 123 K (see Figure (36)). The 
sample holder incorporated a heating element, thus 
temperature control at these temperatures was established 
with the balance of the heating element and the cooling 
medium (liquid nitrogen), which was circulated through 
the camera with a vacuum pump.
x-ray source
x-ray detector
specimen holder
cooling block
thermocouple
out
liquid nitrogen
Figure 36 Schematic diagram of the low temperature X-ray 
camera used in this investigation.
fixative.
Q
hea' ers
thermocouple
-fixative-t- powder 
•Plastic spacer 
-niobium mask
.specimen holder
Figure 37 Adaptions made to the specimen holder for the 
low temperature X-ray camera.
Special difficulties were encountered when using small 
amounts of powder in the specimen holder, since it was necessary 
to raise the powder surface to the level of the specimen 
holder, see Figure (37). This was accomplished with the 
insertion of a plastic spacer, using doublesided sellotape.
In order to overcome the difficulties encountered in trying 
to obtain the correct specimen height everytime, (which 
affects the diffraction peak positions), pure molybdenum 
powder was mixed with the powder being examined, thus 
establishing a standard at every temperature. A standardisation' 
run was carried out for the molybdenum powder. Corrections 
could then be applied to bring all the results relative 
to the appropriate lattice parameter of molybdenum, reported 
in the literature, for each temperature.
Another problem encountered was the specimen holder 
itself, which was made of chromium plated copper, producing 
diffraction peaks at positions very similar to the powder 
specimens being examined. This was overcome by masking the 
x-!ray beam area of the specimen holder with niobium sheet.
Results from each alloy using the above technique gave 
accuracy of ± 0.0005 A .
3^3 Electrical Resistance Measurements
The martensitic transformation in alloys 1 and 2, in 
both ordered and disordered conditions, was detected using 
an electrical resistivity technique. Solid sheet specimens 
were used in the arrangement shown in Figure (38).
constant current leads
mv detection leads
thermocouple (chromel-alumel)
specimen
quartz tube
Figure 38 Specimen arrangement for the detection of the 
martensite transformation temperatures by 
resistivity measurements.
A constant current of 280 mA was used, which was 
stabilised with a 5750 Comet controller, as shown in 
Figure (39)* Two copper wires were spot welded on to the 
specimen, a known distance apart, and the resultant signal 
(mV) was fed into a Bryans X-Y recorder (26000A 3) . A 
chrome1-alumel thermocouple was spot welded to the centre 
of the specimen, with a cold junction at 273 K. The
apparatus was protected from draughts by encirculating the
equipment in a deep quartz tube.
During the experiment the apparatus was cooled to 77 K 
in liquid nitrogen, allowed to heat to room temperature 
by a slow controlled extraction from the bath of coolant, 
and then heated to 873 K in a vertical electrical resistance 
furnace, at a controlled rate. The specimen voltage (mV) 
versus temperature (mV) was continuously recorded throughout 
the heating/cooling cycle. One such experiment usually 
involved two such cycles and took approximately one hour.
An example of one such cycle is shown in Figure ( ^ 0) .
3.6.^ Thermal Analysis (Martensitic Transformations).
Thermal analysis was undertaken on all the alloys 
using a Dupont 990 Thermal Analyser and attachments.
The martensitic transformation investigated is a phase 
transformation from f.c.c. to b.c.c., involving an evolution 
of heat (typically AH^ 1260 «T mol”'*" faralloy 1). The 
differential scanning calorimeter (DSC) attachment was 
used in conjunction with the Dupont two-pen recorder, and 
is based on the temperature difference between the specimen
current controller
O o' o
current voltage
— |l—
standard cell
Figure 39 Schematic diagram for the current controller 
used in the resistivity measurements.
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Figure AO Typical result from the resistivity technique.
(Fe^Ptg ^ ^ 0  1 alloy ordered at 923K. for 8hrs.)
and a reference (usually an empty pan), measured during 
the transformation. This signal is then internally 
calibrated to give the results recorded as an energy plot 
in millicalories.
Specimens used in this analysis were ^ mm squares of 
sheet, prepared as outlined in section 3. A, and which5 
weighed approximately 50 g. The specimens were predominently 
martensitic at room temperature, due to their high Ms
-1temperatures. Therefore they were first heated, at 20 K min
to convert the martensite to austenite "before the M /M„s' I
temperatures could "be detected on cooling.
3.6.5 Thermal Analysis (Detection of Order).
The Dupont 990 Thermal Analyser was used as
described in section 3*6 .^ . The atomic ordering of the
austenite phase in an Fe-25 at.^ Pt alloy has been shown
to cause a heat change, of the order of Ah = -7•53 kJ mol”^ ^ ^
The DSC mode was used in preference to the DTA because
of its greater sensitivity to heat change, however, due
to its upper limit of 873 K, the DTA mode had to be used
to detect TQ temperatures higher than this limit (alloys
1 and 2). Powder samples were used for all alloys.
Ordering temperatures were detected by heating disordered 
-1alloys at 1-2 K m m  through the temperature range at which 
ordering was expected. The resulting Tq values obtained are 
defined as the highest temperature at which the trace from 
the apparatus joined the base-line again.
For alloys 6,7 and 8 ( the lowest platinum content
alloys) the DSC apparatus was set up to produce heating rates
-1'of the orderof 1 K hr.
CHAPTER A RESULTS
A.1 Result of Disordered Alloys.
Preliminary investigations into the basic properties 
of homogenised powder specimens in the disordered state, 
that is quenched into water from 1373 K, were carried out 
prior to any other form of heat treatment.
A.1.1 X-ray Analysis.
Debye-Scherrer powder photographs were taken 
from 7 of the 8 alloys available. The lattice parameter 
measurements calculated for both the austenite and 
martensite phases, for all these alloys, are shown in 
Figure (^1), while the actual values are tabulated in 
Table (15)* The non-linearity of the results in the 
austenite phase across the quasi-binary section indicates some 
fundamental change in its properties. This is also born 
out to some extent by the characteristics of the martensitic 
transformation.
A.1.2 Martensitic Transformation.
The characteristic temperatures of the 
martensitic transformation (Mg and M^) are plotted in
Figure (A2). The M for all the alloys are fairly constants
within the region 36O-3AO K. The A values on the Ni rich■ s
side of the quasi-binary section are within + 20 K of 
each other. However, at approximately the mid-point of the 
section these values suddenly reduce in temperature.
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alloys investigated.
Alloy N- Lattice Parameter (A)
X 0l'
Fe^Pt 3.723 2.969 Reference (67)
1 3.708 2.95^
2 3.680 2 .940
3 3.667 2.925
k 3.660 2 .9I3
5 3-635 2.908
7 3.588 2.878
8 3.575 2.866
Table 15 Lattice parameter values for the disordered 
alloys investigated.
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alloys investigated.
This change in the austenite properties is similarly 
apparent in the expansion coefficients (see section t*.3), 
and in the ordering behaviour of the alloys (see section 
ty.2.1). Explanations of these changes will be discussed 
fully in chapter 5*
^ .2 Ordering Behaviour.
k.2,1 Initial Results.
In the investigation of order in the quasi-binary 
section of the Fe-Ni-Pt system, between Fe^Pt and Fe^Ni, 
experimentation using x-ray analysis was first carried out 
on alloy k (Fe^PtQ ^NiQ ^), using the critical temperatures 
found in the literature for Fe^Pt and Fe^Ni as a guide,
(see sections 2.2.5 and 2.2.6). In the first instance, 
it was assumed that the critical temperatures for ordering 
changed linearly between the values on either side.
The detection of superlattice lines from x-ray 
diffraction is frequently used to detect ordering. However, 
in these alloys, this method has been shown to be increasingly 
difficult as nickel is substituted for platinum, due to 
the similar x-ray scattering factors for iron and nickel 
atoms, (see section 2.2 . .  Therefore the change in 
lattice parameter of the austenite phase was used to 
detect the presence of order. Initially all the results 
proved negative. At this time Inden^^  ^ presented a 
prediction of the ordering temperatures' across the 
quasi-binary section, which showed that the critical
ordering temperatures did not change linearly, but in fact 
curved to a minimum at approximately 5 at*$Pt, 20 at.$ Ni. 
For this reason the temperatures used to detect order were, 
lowered and the investigation was transferred to alloy 1 
so that the ordering temperatures could be plotted 
systematically from the platinum rich side of the section.
^.2.2 Ordering Temperatures.
X-ray analysis on each of the alloys l-5»
measuring the lattice parameters, gave a 50 K band for
each alloy, within which the lattice parameter rose from
the baseline value, indicating the presence of order .
within this 50 K band.
It was felt that more precise ordering temperatures
could be determined from experimental DSC/DTA techniques.
The values obtained are plotted in Figure (^3), as are
(l ^ )the curves predicted by Inden and Miodownik and
Skinner^'*'  ^ (see section 5*2).
A.3. Effect of Order on the Martensite Transformation.
The effect of ordering the austenite phase prior to 
transformation to martensite has three basic results:
(a) The M is depressed.s
(b) The hysteresis of the &(.' - y transformation 
cycle is reduced.
(c) The resultant martensite inherits the order of the 
parent austenite and its structure changes from
1300.
o Inden (35)
X calculated 
■ experimental
1000.
800
CL
500.
Figure >^3 Experimental and calculated critical ordering 
temperatures across the quasi-binary section, 
Fe-Ni-Fo^Pt.
a body centred cubic to a body centred tetragonal 
lattice.
Alloys with the lowest nickel content were used (alloys 
1 and 2) to test the effect of nickel on the martensite/ 
ordering behaviour as compared to the binary Fe^Pt. The 
results are shown in Tables (16) and (1?) for alloys 1 
and 2 respectively. Both electrical resistivity and DSC 
techniques were used in the study.
The resistivity results have been plotted in Figure (A3 ) 
for alloys 1 and 2 , and for comparison,results for Fe^Pt^ ^  ) 
are also shown. All these alloys were annealed at 823 K.
A.3.1 Martensite Tetragonality.
The martensite tetragonality which occurred during 
the ordering process is shown selectively in Figure (AA), 
for alloys 2 and 5* These results will be shown in greater 
detail in section A.A.2.
A.A X-ray Data from Annealed Specimens.
The preliminary results of lattice parameters obtained 
for the detection of ordering temperatures were extended 
to lower temperatures using the Debye-Scherrer powder 
technique, keeping the annealing times constant at 72 hr.
The results for alloys 1 to 5 are shown in Figure (A5)V
The curves for alloys 2 ,3, andA initially show the 
same trend as for alloy 1, but at lower temperatures they 
show an anomalous increase in the lattice parameter.
(a) Time(hrs) @ 923K. Temperature (K)
M
_ s Mf As Af
0 373 356 638 £>93
0.5 363 353 519 578
1 363 355 398 A81
2 335 305 363 AA2
5 293 26? 311 32A
8 220 210 253 270
Time(hrs) @ 823K.
2 370 357 633 691
8 367 3^5 A38 528
25 311 2 95 3A8 A28
50 293 278 3A0 391
170 269 263 313 326
(b) Time(hrs) @ 923K.
0 35A - 676 -
0.5 338 - A67
1 32A - A38 -
2 300 - A06 -
5 21A - 270 -
8 20A - 2AA -
25 156 - 21A -
, 50 173 - 19A
Time(hrs) @ 823K.
2 3A0 - 680 -  -
8 338 - A98
2.5 296 396
50 280 - 286
170 260 - 215 -
A58 2A9 2I3 -  .
Table 16 Martensite characteristic temperatures for alloy 
Fe^Pt0^NiQ ^  as a function of annealing time 
at temperature, detected.by (a) DSC and (b) 
resistrrty techniques.
(a) Time(hrs) @ 873K* Temperature (K)
Ms Mf As A f
0 355 337 713 738
6.5 369 359 688 723
2A 377 365 692 713
A8 377 365 692 703
170 317 301 367 ^53
A80 318 301 373 A28
Time(hrs.) @ 823K.
6.5 367 353 698 728
2A 37A 366 693 713
A8 377 367 698 710
192 303 29H- 353 A15
A80 273 263 287 312
. (b) Time(hrs.) @ 873K.
0 337 - 715 -
6.5 353 - 699 -
2A 351 - 700 —
A8 355 - 519 -
170 305 - A12
A80 308 - Aoo -
960 306 - 396
Time(hrs) @ 823K.
6.5 3A7 - 706 ; ,
2A 355 - 70A
A8 357 - 507
192 289 - 377 -  ..
A80 228 296 -
960 217 - 257 -
Figure 17 Martensite characteristic temperatures for alloy 
Fe^ptQ qNIq  ^ as a function of annealing time 
at temperature, detected by (a)DSC and 
(b) resistivity techniques.
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temperatures on ordering at 823K.
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Figure ^5 Lattice parameter results for alloysl-5 after 
heat treatment, indicating their respective 
critical ordering temperatures.
The diffraction lines which produced these anomalous 
results were typically broad and diffuse at high 20 values. 
For this reason a further investigation of these alloys 
was carried out using x-ray diffraction, initially at 
room temperature. It should also be noted that these 
anomalous results, indicating an increase in the lattice 
parameter only occurred when the alloy was annealed 
below the ordering temperature, and below the temperature 
in the disordered state. Since the alloys were annealed 
after being quenched from the homogenisation temperature 
they contained a mixture of martensite and austenite, 
unless the annealing temperature was above the A^ temperature 
for the disordered alloy.
k.k.1 X-ray Diffraction.
X-ray diffraction results for these alloys 
showed the austenite phase to be a mixture of two 
austenites, one of which had a much larger lattice 
parameter than the other (denoted ). In order to 
discover more about both 2 and $ phases with regards 
to its transformation to martensite and associated expansion 
coefficient, low temperature x-ray diffraction was carried 
out between room temperature and 123 K.
ty.ty.2 Low Temperature X-ray Diffraction.
The results obtained by this method can be 
seen in Figure (^ 1-6). The austenite, at room temperature 
(293 K), contains two austenite phases ( $ and $ )»
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Figure ^6 Changes in the diffraction pattern obtained 
on cooling an aged Fe^PtQ 5 a^l°y*
indicated by the asymmetrical peak of the A ( m )  reflection 
at lower 2 0  values. On cooling the "ordinary" austenite phase 
transforms to martensite ( <X 1) leaving the $ phase at 
123 K untransformed. This was the pattern for all the alloys
v# .
in so far that the 0 phase did not transform to martensite. 
The results for alloys 1 to 5 are shown in Tables (18) to (22) 
respectively.
The diffractometer method, as described in section 3.6.2, 
also gave precise values for the lattice parameters 
of the martensite as transformed from the ordered austenite. 
These values were calculated from the pC,(llo) and (X! (101) 
diffraction lines.
The results for alloys 2,4 and 5 are shown in Table (23)
while they are represented graphically for alloys 2and 4
(99)in Figure (44). From the results of Tadaki et al , when 
the c/a ratio of the ordered martensite is plotted versus 
degree of order (S) a linear relationship is found 
(see Figure (47)a). Thus a particular c/a ratio can be shown 
to correspond to a specific degree of order. Extrapolating 
the c/a ratio results of Tadaki to S=1.0 yields a maximum 
value of 1.122, with values of a and c as 2.853 and 3.201A 
respectively. When the distance of closest approach of the 
atoms ((111) direction in (110) plane) in the disordered (bcc) 
and ordered (S=1.0)(bct) structures are compared, almost 
identical values are obtained (2.573A).
When attempting to calculate the maximum c/a ratio 
possible for the Fe-Pt-Ni alloys two assumptions have 
been made:
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Table 18 Lattice parameter of the 'j and 'J*- phases detected
on cooling an Fe^PtQ ^NiQ  ^ alloy.
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Table 19 Lattice parameter of the  ^and )j* phases detected 
on cooling an Fe^PtQ ^Ni0 2 alloy.
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Table 20 Lattice parameter of the ^ and phases detected
on cooling an Fe^PtQ ^NiQ ^ alloy.
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Table 21 Lattice parameter of the ^ and )(* phases detected 
on cooling an Fe^PtQ^ N i 0 ^ alloy.
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Table 22 Lattice parameter of the Y andY* phases detected
on coolig an Fe^PtQ ^NiQ ^ alloy.
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Table 23 Change in martensite tetragonality on annealing 
at various temperatures.
(a) the ordered unit cell has the same limiting <• (a) 
value as for Fe^Pt (2.853A).
(b) the distance of closest approach for the ordered 
lattice is identical to that for the disordered lattice.
From the experimental lattice parameter results recorded
in section 4.1.1 the c/a ratios have been calculated for all
the alloys (corresponding to S=1.0) are shown in Figure (47)a (
The c/a ratio for Fe^Ni is thus calculated to be 1.014. The
maximum experimental c/a ratios have been plotted in
Figure (47)a curve (i). The ratio of these values to those
calculated for full order (S=1.0) gives an indication of the
degree of order obtained in the alloy. The experimental point
(62)for the binary Fe-Ni alloy, determined by Winchell et al 
is assumed to be the tetragonality corresponding to short 
range order in the structure.
^•^•3 Expansion Coefficients for Ternary Alloys.
The availability of lattice parameter data at 
different temperatures allows the calculation of the linear 
expansion coefficients. (All the results shown refer to 
the temperature range 250-300 K). The results for both 
the ..ordered and disordered alloys are shown in Figure (^8)
The values for the ordered state are the lowest, or most 
negative, as a result of the heat treatment on the alloys, 
not those for when S is equal to unity.Specific values 
for these points are listed in Table (2A).
A.5 Lattice Parameter Measurements on Binary Fe^Ni.
Ordering temperatures for alloys 6, 7 and 8 were 
determined using the DSC technique. Deformed powders 
encapsulated in evacuated quart'/, tubes, for alloy 8 (binary 
Fe^Ni alloy), were then annealed at various temperatures
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Figure ^8 Values for the expansion coefficients for 
disordered and heat treated alloys.
Alloy
Expansion Coefficient 
(Xlo- K_:L,250-300K) Reference
Disordered Ordered .
Fe^Pt -30.0 - 141
Fe3P’b0.9Ni0.1 - 5 . A -26.3
Fe3Pt0.8Ni0.2 + 5.4 -18.0
Fe3Pto.6Nio.4 +11 .A
1 h- O
Fe3Pt0.5Nl0.5
+16.8 - 7.0
Fe^Ni +18.0 + 1.0 I36
Table 24 Values for the expansion coefficients for 
'disordered and ordered alloys.
in an air circulating furnace for 72 hr. with the temperature
held constant, * 1 K.
Initial changes in the lattice parameters are shown
in Figure (49), curve (a), with spot values recorded in
Table (25). The trend of the curve is to lower values as the
temperature is reduced, however, there is a sudden increase
in the lattice parameter at approximately 630 K. At-higher
annealing temperatures these results agree well with the
equilibrium values taken from the phase diagram of
(27)Ifeumann and Karsten; ' '
Taking values of expansion coefficient versus 
composition, and lattice parameter versus composition from 
the literature, enables a composite diagram of expansion 
coefficient versus lattice parameter to be obtained.
This is illustrated in Figure (50) . The experimental 
points on this curve are values from curve (a) in Figure (49). 
These are shown to be consistent with segregation, although 
not with equilibrium segregation at the lower temperatures.
The increase in the lattice parameter is associated with 
the non-linear slope of the binary Fe-Ni lattice parameter 
versus composition curve, shown in Figure (51).
Deformed powder was used in order to accelerate 
diffusion, but in view of the fact that the accelerated 
diffusion has also enhanced the tendency of the alloy 
to segregate, the powder was annealed at 1373 K for 5 -toin-. 
to remove this stress. The powders were then reannealed.
The lattice parameter changes for this powder are shown 
in curve (b) in Figure (49). The associated expansion
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□ equilibrium values(27)
650
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Figure ^9 Lattice parameter measurements on (a)deformed 
and (b) undeformed Fe^Ni alloy.
Temperature
(K)
Lattice
Parameter
U)
Prior 
Heat Treatment
Expansion
Coefficient
(x10-6K-1)
695 3-5907 - + 6.0
652 3-5867 - -
6k 0 3-584-5 - + 9.2
635 3.5841 + 8 . k
630 3.5868 - + 1.6
630 3-5852 -
625 3-5838 - + 6.8
620 3-5869 * +1^.2
610 3.5808 - + 7.8
610 3.5882 + 2.5
600 3■5871 ■t +16.7
590 3.5860 ■Jf -
Table 2.5 Lattice parameter and expansion coefficient 
values for deformed and undeformed specimens 
on annealing at various temperatures.
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Figure 50 (a) Comparison of the expansion coefficients
and lattice parameters for the deformed Fe^Ni 
alloy with those of the equilibrium phase 
diagram(27) (b) Comparison of the expansion 
coefficients and lattice parameters for the 
undeformed Fe^Ni alloy.
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Figure *>1 Indication as to how segregation (non equilibrium) 
could result in an increase in lattice parameter.
coefficients do not fit the curve of Figure (^9) (a) as 
shown in Figure (50) (b), The increase in lattice parameter 
agrees well with the ordering temperature found for this 
alloy using the DSC technique. These results will be 
discussed in Chapter 5*
CHAPTER 5 DISCUSSION.
5.1 Introduction.
The first part of this discussion is concerned 
with the ordering behaviour of the austenite phase across 
the quasi-binary section, Fe^Pt-Fe^Ni. This is followed 
by a discussion of the effect that this ordering has 
on the martensitic transformation temperatures and the 
Invar properties of these alloys.
A thermodynamic model is put forward to explain the 
effects brought about by the ordering reaction, in terms 
of the magnetic properties of the alloys.
5.2 Ordering in Fe P^t Ni. Alloys.
j X -L —“X
The results described in section +^.2.2 clearly 
indicate that the effect of substituting nickel for 
platinum in these alloys is to reduce the temperature 
for Fe^Pt ordering, which is analagous to the effect 
obtained by lowering the platinum content in a binary 
Fe-Pt alloy. Figure (^3) illustrates the experimental
variation of the austenite ordering temperatures with 
nickel content, for platinum rich alloys. The critical 
temperatures obtained for nickel rich alloys are shown 
in parentheses. These results were obtained using a DSC 
technique, employing a very slow heating rate. Further 
evidence was obtained for this binary alloy, using 
x-ray diffraction analysis, and these results will be
o
( 35 )
discussed in a later section.
The predicted curves represent, in broad terms,
the upper and lower bounds for the experimental T
temperatures. The upper curve, determined by Inden
represents the highest temperature at which an ordered
phase can be expected in the alloy concerned. The Al-Ll^
transformation is discontinuous, so that it is not
necessary for the ordered phase to have the same
composition as the parent f.c.c. phase. The lower curve
was calculated by assuming that there was no change in
composition, and therefore represents the temperature
when the free energy difference between the ordered and
disordered phases, with the same composition, is zero.
Figure (^3) demonstrates that this appears to be very
nearly the case. The lower curve is a slightly modified
( 35 )
version of Inden0s regular solution formulation
(the upper curve) with the insertion of an extra term 
for the 2 X states.
5.2.1 Ordering Temperatures for FeoPt__Ni^  Alloys.
( 7l± ) . ~ X
Inden*s regular solution formula has been
used to calculate.ithe ordering temperatures across the
quasi-binary section of the Fe-Pt-Ni ternary diagram,
(see section 2.2.9)* The magnetic order parameter (tf) used
( 81 )in this formula has been defined ass
m ( 1 - 0.6^8 T ) ........eauation
Tc
where Tc is the Curie temperature.
However, when a comparison is made, the experimental 
ordering temperatures are found to be higher than the 
Curie temperatures for the binary alloys. Therefore cr 
will be zero at these temperatures, and the magnetic 
correction terms can be discounted. However a correction 
factor for the energy difference between the 2 X states 
( A E 0102') in the austenite phase has to be inserted 
into the formulation.
The Ae ' ^values calculated from the experimental 
lattice parameter and expansion coefficients are shown 
in Table (29). These results are plotted in Figure (52) and 
the averaged set of values (dotted lines) have been used 
as the basis of the correction terms. In calculating the 
correction term ( A h ^ 2) from the A E ^ 1’values it has been 
assumed that these are temperature and composition dependent. 
Thus taking into account the elevated ordering temperatures 
and the fraction of iron atoms in the ferromagnetic (^ 2.) 
at these temperatures.
equation 30l+c*.
where:
oC = 0.6exp E ^RT when E is -ve.
E /RT= 1. 6exp ' when E is +ve.
y~^) is the fraction in the high energy state Cbi)
T has been taken as the experimental ordering
temperature.
Indens values of and have been used in the
calculation of the ternary ordering temperatures:
Z / •
-10
- 20.
>
<D
00
'o
LlJ
'<
-40.
calculated
 ^1 #2Figure 52 Values of A e as calculated from the disordered 
lattice parameter and expansion coefficients, as 
a function of composition.
w (2) w (1*-
Fe-Pt 1250 -1250 3125
Fe-Ni 675 - 683 1699.5
Pt-Ni 1000 - 533 1799.5
Using these ,W^2  ^ values and the correction terms ,
equation 18 was used to calculate the ternary ordering
(2)
temperatures (Table 53). Miodownik (31) used a lower W value 
for Fe-Pt (-1050K) combined with a composition independent (but 
temperature dependent) Y ]Y 2 correction. The effect of either 
model is to flatten the TQ curve at the nickel rich end of Fig.
43,(in keeping with the experimental results) without materially 
altering the trend of the basic Inden calculation.
The modified formulation can also be used to calculate T
o
temperatures in other regions of the ternary system. Figure (53) 
shows the calculated points (C and D) .
Alloy H T (calc) o T (calc){31) o Tq (expt)
at%Pt at%Ni (k units) K K K
25 0 -327 1049 1059 -
22\ 2F2 -255 1002 - 958
20 5 -185 951 958 918
15 10 - 57 837 845 808
12^ 12h 0 778 - 783
10 15 + 7 716 732 718
5 20 + 19 6 39 651 653
2h, 22 ^ + 24 631 - 637
0 25 + 29 637 624 625
Table (26) Comparison of the experimental and calculated 
critical ordering temperatures.
3 6 % ^  
This Work / ^ ° 1'
Figure 53 Boundaries of the Ll„ ordered region in Fe-Pt-Ni 
alloys at 873 and 773K.
with the experimental results (A and B) obtained by
/ /  n  \
Stevens and his coworkers for the temperature 823 K.
Moreover, if the calculation is repeated for the temperature
723 K, it is possible to show that the break in properties
( 1 ) .observed by Kussman et al' on aging a series of
Invar alloys, coincides exactly with the position of 
the Tq boundary at this temperature, (point E in Figure (53)). 
It is therefore reasonable to conclude that the predicted 
ordering temperatures are reasonably correct, and that 
the rapid decrease in the degree of attainable order 
in the more nickel rich alloys, as judged by the martensite 
c/a ratio in Figure (^7)> must be due to kinetic causes 
and/or effects from competing reactions.
5*2.2 Emergence of $ 0
The anomalous results shown in Figure (^5) 
are consistent with the existence of a second, high
V #
lattice parameter austenite (denoted o ), which only 
occurs when two conditions exist, namely, when the alloy 
is annealed at a temperature which is both below the 
ordering temperature (Tq) and the A^ of the disordered 
phase.
The increase in lattice parameter can be explained 
by two alternative hypotheses. Firstly, the $ is in 
a more ordered condition than that of the matrix. This 
could have been brought about by some localised accelerated 
diffusion. Secondly, segregation may have occurred on 
heating, where the C^ — 8 transus temperatures are
equivalent to the ^  (A ) temperatures. The fact
. o
that the $ phase is only detected at temperatures 
below both the A and the ordering temperature would 
favour the first explanation. The available diffusion 
data for the and $ phases have been plotted to demonstrate 
the times necessary for an atom, to travel 
a fixed distance, at various temperatures, and is shown 
in Figure (5^) • This clearly illustrates that, at a 
constant annealing time, (72 hr.), diffusion through the 
martensite would be the dominant path (at martensite/ 
austenite interfaces) for the temperatures that are 
involved.
Whether the $ is an ordered phase of the same 
composition produced by accelerated diffusion, or is 
attributable to segregation cannot be detected from an 
increases in lattice parameter in isolation. These
possibilities cannot be distinguished by considering
y * .
the M temperature of the 0 phase, since in both cases s
the Mg would be depressed. This fact is observed in 
practice. However, if the expansion coefficients of 
both austenites are considered, and plotted as a function 
of their respective lattice parameters, as shown in 
Figure (55) , a case can be made that for the platinum
v %
rich alloys o is an ordered austenite phase, while for
the nickel rich alloys O is a result of segregation.
Under different specimen conditions this need not be
the case (see section 5.2.4.)
In the presence of martensite diffusion is accelerated
1/T
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Figure 54 Comparison of the diffusion data for the 
martensitic and austenitic phases.
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Figure 55 Correlation of expansion coefficient with
lattice parameter for heat treated FenPt Ni., ,3 x l-x
alloys.
If 0 is an ordered austenite which has ordered faster
in the vicinity of the martensite, then the properties
of the lb should "be identical with those of the austenite
matrix, which has ordered more slowly hut for a longer
time. Therefore the expansion coefficients obtained for
both phases should lie on a single curve. In contrast,
if the two phases have different compositions then their
respective sets of expansion coefficients would be seen
to lie on two separate curves. Figure (55) shows that
for platinum rich alloys the former situation is true,
while the data plotted for alloy A (Fe~Pt „Ni~
j 0.5 u •j
exhibits separate curves. This break in behaviour suggests 
that segregation will dominate the transformation with 
specimens of the same specific history, as the composition 
moves towards the binary Fe^Ni.
5*2.3 Temperature of Maximum Ordering Rate.
Ab lower ordering temperatures (corresponding 
to nickel rich alloys) the rate of ordering decreases 
due to the decrease in diffusion rate at these temperatures. 
Any method of increasing the diffusion has been shown 
in the previous section to enhance the possibility of 
segregation in these alloys. Therefore it is imperative 
to calculate the range of temperatures where the maximum 
effect in properties will occur on ordering, if ordering 
in to be detected.
( }\-2 )
Bragg, and Williams have shown that the rate
constant associated with ordering can be represented by
the following equation;
^  | 1 - S ) ^ *T2 exp(-U/T) ...... equation 3 1
where S is the long range order parameter, k is a constant,
T is the temperature (K), U is half the activation 
energy associated with the ordering reaction , and k^is 
angular direction of motion of atoms.
If S=0 then the expression gives the rate constant 
in the absence of ordering. Therefore the effective rate 
constant can be obtained from the difference between 
this and the value for ordering, as follows;
= ( 1 - S " ■*■ ) k ^2 exp(-U/T) . .equation 32
= k 2^ exp(-U/T) ......... equation 33
which can be still further approximated to
2S . f(U,T) ..................... .equation 34
( k2 )It has also been shown that
S2 = - ^ c ^ l  ...................... equation 35
c
which is valid for S<0.5 and T>0.9T , where T is the
L* v-/
critical ordering temperature.
Combining equations (3^) and (32) results in the 
following equation:
i
Tt^)s ( Tc “ T ) exP(_u/T)  equation 36
Differentiating this equation with respect to temperature 
produces an expression for the temperature at which the 
maximum rate of ordering occurs:
2UT + T2 = 2UT ......................  - equation 37
Since S is small and T=T then:c
A t = ) T. - T ! ^  Tc  eauation 38
v c 1 2U
O
A T  is therefore proportional to Tq and inversely 
proportional to U. If the value for U is equated with half the
activation energy for diffusion, then the A t values
for the alloys investigated can he calculated, and 
are tabulated in Table (27).
Similar results can be obtained by utilising an
( O Q \ ’
equation used by Marchandv ' for FeNi alloys. This was 
an adaption of the theory proposed by V i n e y a r d a n d  
Dienes^^^^ The rate of change of the long range order 
parameter with time is given by:
■gr = 2 cLexp(-U/T) |sinh (-|^ s)-Scosh (^S) | . . equation 39
where: t = time
^ = the vibrational frequency associated with 
an atom and a vacancy (assuming 
c^ = the vacancy concentration 
U = the activation energy corresponding to the
diffusion of an atom and a vacancy (assuming
0A =uB )
v = the activation energy, where:
v = VAB (VAA + VBB >
Equating U with half the activation energy for diffusion
(28 Vand using the values, for c^ and h) , an used by Marchand 
values of dS/dt versus S for different temperatures 
can be plotted as shown in Figure (^6),
Alloy
A t (t c-t ) (k ) .
Experimental Calculated
Ref.k2 Ref.28
Fe3Pt0.9Ni0.1 85 58 ko
Fe3P'fc0.8Ni0.2 80 53 38
Fe3P*t0.6Ni0 .^ 6o ^1 28
Fe3Pto.5Nlo.5 k$ 35 2k
Fe3Pt0.ANl0.6 25 32 22
Fe^Ni 15 2k 18
Table 27 Comparison of the experimental and calculated 
A T  values as a function of composition.
Temperature! K) 
a 630 
b 625 T0 
c 620 
d 615 
e 610 
f 605 
g 600 
h 590 
550
Feo NJ
Figure ^6 Rate of ordering as a function of the degree
of order at various temperatures for (a) Fe^Ni 
and (b) Fe,Pt alloys
Tempenature(K)
a 1050 
b 1030 T0 
c 1023
948
92330-
823
dS
dt
10-
(b)
The temperature at which the maximum values of ds/dt 
were found from the graph, and are recorded in Table (27). 
The corresponding experimental values are also shown.
Good agreement is apparent between both these sets 
of values, and clearly points to the fact that if ordering 
in the binary Fe^Ni alloy occurs at such low temperatures 
there must only be a narrow region wherein the effect 
can be shown.
5.2.J* Ordering of the Binary Fe^Ni Alloy.
From the argument presented in the previous 
section, it is clear that the detection of order in 
an alloy that is both martensitic and prone to segregation 
on annealing on heating is very difficult. Curve (a) 
in Figure (^9) has already been shown to be a result 
of segregation on annealing. Curve (b) in the same 
figure, however, is very different from curve (a), in 
the following,respects:
(i) the maximum occurs at a lower temperature.
(ii) the lattice parameter at this temperature 
is much higher than observed in curve (a).
(iii) the peak is much broader and is symmetrical 
about the maximum value.
(iv) the expansion coefficients corresponding to 
the lattice parameters do not fit into Figure (50) (a).
From the above observations it is apparent that 
the results that constitute curve (b) are not due to 
segregation. They are however consistent with the results
produced using the DSC technique, which gave a value 
of 625 K for the Tq temperature of this alloy. The 
temperature difference between Tq and the temperature 
of maximum lattice parameter is also consistent with 
the value predicted in Table (27). Additional evidence 
for ordering being associated with curve (b) is that 
the expansion coefficients should pass through a minimum 
value, as shown in Figure (55), and that the same lattice 
parameter has an associated single value for the expansion 
coefficient. This is shown to be the case for curve (b)
(see Figure (50) (b)), where not only are the values 
of the lattice parameters at annealing temperatures 
600 and 620 K almost equal, but so are their respective 
expansion coefficients. The expansion coefficient for 
the alloy annealed at 610 K (i.e. the maximum in the 
curve) is lower than those obtained on either side of 
this temperature, fitting in well with the results for 
the other ordered alloys.
It is difficult to make direct confirmatory 
experiments because of the small amount of austenite 
and the large amount of martensite present in the alloy. 
However, considering all the factors there is strong 
circumstantial evidence that curve (b) in Figure ( ^ 9) 
is due to the ordering of the austenite, with a value 
of Tq at 625 ± 5 K. This temperature compares favourably 
with the latest Fe-Ni phase diagram which has been 
postulated by Charnberod et al,^^  ^ as shown in Figure (57).
•  (31)
■ (28)
A (28,25)1100.
900.
700.
Q.
500.
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Figure 57 Proposed Fe-Ni phase diagram(l78) incorporating 
three ordered phases, (i) Fe^Ni,(ii) FeNi and 
(iii) FeNi^. Comparison with experimental 
results is also included.
5*3 Effect of Order on Expansion Coefficients.
It can be seen from Figure (55) that ordering need 
not always decrease the Invar effect, as is generally
/i o p  < C r y  \
assumed, ’ if the expansion coefficients are
measured at room temperature. The curves of expansion
coefficient versus lattice parameter are very similar
for all the alloys, showing an initial increased negative
value of c* as the lattice parameter increases, followed
by a subsequent decrease. Similar curves are obtained
when oc is plotted as a function of composition in
binary Fe-Pt alloys, as shown in Figure (20). When the
number of platinum nearest neighbours is considered,
Table (11), it is clear that these will increase from
25% to 33$ in a binary Fe^Pt alloy, and similar effects
also occur at other compositions. )  Thus the effect
of ordering locally in the lattice would be expected
to be the same as for increasing the percentage of
platinum in the alloy. Consequently for alloys with
a composition of less than 25$ platinum, ordering should
initially make the value of <*- more negative , and only
subsequently produce more positive values. This tendency
is observable in binary Fe-Pt alloys containing less
(99 )than 25 at.$ Pt; The general impression that ordering 
decreases the Invar effect would seem to stem from the 
fact that most of the experimentalists in this area 
have investigated alloys containing more than 25 at.^ Pt 
in order to avoid complications from the associated 
martensitic transformation in the alloys containing
lower amounts of solute.
The minimum in the expansion coefficient curves 
in the binary alloys occurs at a much higher solute
percentage in the Fe - Ni alloys than in the Fe - Pt alloys,
while the Mg temperatures remain essentially not too 
different along the 25 at.% quasi - binary section, as 
shown in Figure (42). Consequently the addition of nickel 
to Fe^Pt is equivalent to studying alloys with lower 
platinum contents, as far as expansion coefficients 
are concerned. Thus the initial effect of ordering
can be detected more easily.
The continuous spectrum of properties of the Fe-Pt-Ni 
alloys indicate that it is reasonable to expect a single 
framework in which it is possible to accommodate the 
behaviour for both Fe - Ni and Fe - Pt alloys. This has 
not been found to be the case. However, by using the 2 ^  
state theory an acceptable explanation has been found for 
Fe - Ni and Fe - Pt - Ni alloys where the platinum content is 
less than 20 at.%.
5.3.1 Calculation of Invar and Lattice Parameter 
Effects using the 2 Gamma State Theory 
It is evident that equation ( ) can also be used
to calculate the lattice parameters of the ternary alloys. 
Alternatively it is possible to deduce the equivalent 
value of A e from given ternary lattice parameters and 
expansion coefficients. If the two gamma state theory 
is to give an acceptable description of the Invar
b£)
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Table 28 Comparison of calculated and experimental
values for the expansion coefficients of binary 
Fo-Nl alloys.
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Table 29 Calculated and experimental values of the 
lattice parameters for quenched alloys.
behaviour, then t h e A E  values obtained from both sources 
should be the same. Using the assumption that nickel 
and platinum atoms, when present together, can be considered 
as having an average equivalent A e value, then the following 
quasi-binary approach can be adopted to calculate the 
ternary lattice parameters:
. ^ Vi.
aFePtNi ~ xFe + a f ) + aptxpt + ^ i ^ i
........equation 40
Table (29) lists the observed and calculated lattice 
parameters, in conjunction with the values of A e 
calculated from the lattice parameters and expansion 
coefficients.
It is clear that, from the A e  values obtained, 
a self-consistent set of values does not result. However, 
it does indicate that the basic change in behaviour in 
the quasi-binary section Fe^Pt-Fe^Ni is consistent with 
the intersection of this section with the line defining 
A e =0 in the ternary system. The point of intersection 
agrees well with that observed experimentally in both 
lattice parameter (Figure (41)) and expansion coefficient 
(Figure (48)) values. However, it is impossible to account 
for a negative expansion coefficient of the order of
-30x10  ^ at 300 K using the 2 gamma state theory
a  (114)with the currently accepted value of Aa
(137)Chikazumi has however, recently proposed that the
a  V lvalue of Aa  , which has hitherto been kept constant,
is a function of composition even in binary Fe-Ni alloys. 
His value for a 25 at.% Ni alloy is approximately 2.5 
times greater than the value for pure iron, which would 
also require the detection of 2 states in binary Fe-Pt 
alloys to a greater extent than has so far been observed.
The proposed primary mechanism is therefore the 
potential existence of alternative magnetic states for 
iron atoms. In Fe-Ni alloys only two of these states 
predominate, but alternative states must always coexist 
in natural equilibrium. However, this equilibrium may 
be changed under stress and/or temperature,and activation 
energy barriers may exist between the various states. 
Since more than two magnetic states are possible, the 
nature of the two most significant states may change 
with composition or with ordering, because the latter 
creates effects basically similar to locally increasing 
the solute content.
In. Fe-Ni-Pt alloys there appears to be a marked
destabilisation of both the Weiss 2$ states as the
platinum content approaches 25 at.$. The destabilisation
of the antiferromagnetic ^  is greater than for the
ferromagnetic but in Fe-Pt alloys even ^  is
(177)
relatively unstable. ' It is this latter feature 
which makes it impossible to fit the results of Fe-Pt 
alloys with the standard 2 ^ state theory. As the nickel 
content of Fe Pt Ni. alloys increases the properties
j X -L ■— .X.
of the disordered alloys become more consistent with the 
standard 2 $ state model, but the study of ordered alloys 
becomes increasingly difficult'duo to competing phase 
transformations.
5.4 Martensite Transformation
This present study of the martensite transformation
was carried out in order to determine the effect of
nickel on the thermoelastic behaviour of the transformation
of the binary Fe^Pt alloy. It has not been concerned
with the crystallography or morphology of the resulting
structure, since these features have been extensively
studied by Umemoto and Wayman ^  ® .
General property changes occurring in the ternary
alloys are shown in Figure (59). The magnetic Curie
temperatures (T ) ■ for the ternary alloys were not
determined experimentally because of the large magnetic
contribution of the martensite phase which was present
in all the ternary alloys. The disordered values were
calculated by taking the experimental value for F e ^ P t ^ ^ 0^
(16 8)the extrapolated value for Fe^Ni and a calculated value
for the Fe^Pt0 ^NiQ  ^ alloy, based on the experimental
i> ^  *
evidence that A e ' 1"=0 for this composition.
W e i s s p r o p o s e d  that the Curie temperature (Tc) 
for Fe-Ni alloys could be calculated from the 2$ state theory, 
using the following equation:
Tc=113.5|zf - Zj| ln(£>*+l) ............ .equation 41
If it is assumed that the magnetic moment induced on the 
Pt atoms by the surrounding Fe and Ni atoms is similar to that 
of the Ni atoms (0.6); the above equation can be used to 
calculate the Curie temperature for the alloy Fe^Pt^ 5^ 0 5' 
where A E  1 z‘=0. This results in a value of 185K.
Figures(58) and (59) indicate that there is an
5A B * Fef ' ........ equation 42
1“XN< ) f z) ... equation 43
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Figure 59 General property changes across the quas 
binary section (Fe^Ni-Fe^Pt).
obvious similarity in the analagous changes in the ternary 
system when compared to the binary Fe-Pt system. The 
change in slope of the M curves at the intersectiono
with their respective Tq curves (both ordered and disordered)
is very apparent, as is the magnitude of the M -As s
hysteresis. The transus lines are more tentative at the 
nickel rich side, but the overall impression is that 
both diagrams are governed by the same phenomenum.
Similar trends are apparent when the depression 
of the M /A on annealing below the ordering temperature
S S  •
is Compared for both the ternary and binary alloys, 
as shown in Figure (^3)» although the time scale necessary 
to achieve thermoelastic behaviour is increased. Similarly, 
the martensite tetragonality produced from these ternary 
alloys after a fixed time of annealing will decrease, 
which is illustated in Figures (*J4) and (^7).
It is difficult, however, to evaluate the intrinsic 
effect of chemical ordering on the martensitic transformation 
due to the additional effect ordering has on other 
properties, such as the associated change in magnetic 
ordering. Figure (60) shows that the effect cf chemical 
ordering is remarkably small, when the Curie temperature 
is well below the M , which is also shown for the 
ternary alloys in Figure (59)* In an attempt to explain 
these trends both in the binary and ternary alloys, 
a thermodynamic model is proposed which quantitatively 
explains the phenomenum when both chemical and magnetic 
order are taken into account. The model has been developed 
for a 2^.5 at%% Pt binary alloy(-^5) ‘because basic
o
oCN
o
o
o
. -4* CN
o O
O
O
O
CN
Figure 60 Comparison of the depression of the M ' (&Mg)
on ordering (as judged by the martensite c/a ratio) 
for selected Fe-Pt alloys.
quantitative thermodynamic data is available for this
... (169)composition.
5.^.1 Proposed Thermodynamic Model for the Martensitic 
Transformation of Fe-Pt Alloys.
A thermodynamic model for the martensitic 
transformation of Fe-Pt alloys has been proposed from 
the data previously reported. The model is based upon 
a free energy versus temperature plot obtained for 
both disordered and ordered samples. This plot is 
illustrated in Figure (61), for the Fe-2^.5 at.$ Pt alloy, 
in both states. However, in proposing this model certain 
assumptions and generalities have to be made. These 
can be summarised as follows:
(a) The free energy of the martensite phase is taken 
as the ground state (G=0), and the position of the
free energy curves of the austenite phase are fixed 
by the available data, as shown in Table (30).
(b) The entropy difference between the austenite
/ A  6 " © ^  v .and the martensite phases (Z1S ) is assumed to be 
independent of temperature.
(c) The temperature of equal energies between
the two phases (T ; is assumed to be given by the
(171)following equation:
where M and A are found experimentally.
b b
+2500,
1000,
>!
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- 1000.
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Figure 61 Quantitative representation of the martensitic 
transformation in an Fo-2.ty.5at°/o Pt alloy.
Parameters Units Source
Disordered Ordered
Md0s
Ad°
s
318
683
M°s
A°s
193
208
K
K
Expt.
(107)
Expt.
(107)
rpdo
0 500
lp0
0 200 K
(M +A )s s'
2
Hdo
0 2385 H°0 3^8 J mol”^ Expt.
(169)
sd° ^.6 S° 1.7 J mol"1K“1 H0
T0
Gdochem 920 G°chem 12 J mol""^
(T -M )s0 s
Tdoc 250
ipO
c 350 K Expt.
(150)
iAd0 2.2
/*° 1, 8* A *see text (1?1)
Table 30 Quantitative values used in Figure 61.
(d) The shift in the M q is directly attributable
to chemical ordering, i.e. when the Curie temperature
(T ) is much less than M . and is assumed to be approximately c s
50 K. (see Figure (60 )) •
(e) The magnetic free energy terms associated 
with the martensitic phase have been excluded from the 
model. As the magnetic transition temperature for the 
martensite phase (105^ K) is much greater than the M s
temperatures, it is assumed that the magnetic free energy 
term (Gmag) is independent of temperature in the region 
of interest.
(f) The variation of the magnetic free energy of
■s/
the austenite phase has been calculated using
a method similar to that conventionally used for other 
iron alloys:^170)
Gmag; [T] = -0.9RTcln(/b° + 1 ) C r j  - RTln [(^°-yST ) +1]
...........equation ^ 4
T ’ flOr, / T \ 6-where ft = jS>°[l - ) ] for T <  0.9Tc  equation ^ 5
and /I T = ySo-[|^2+l0^T/Tc_:L^ J for T > 0 . 9 T c
 ........equation
(g) The Curie temperature (T ) and the saturation
magnetisation data (y3°) has been drawn from the literatur^^^
Values of yS0 for the ordered alloy have been taken
to be slightly lower than the experimental values in
order-to compensate for the observed deviations in the
(1/.|4)
Brillouin-Langevin Curve. In the vicinity of the
M temperature this produces a very similar result
to incorporating a more complicated formulisation
involving the 2 ^  state theory.
(h) It is assumed that the elastic strain energy
required to form the martensite decreases proportionally
(172 )
to the shear modulus and that the latter decreases
. . (1 ^1 )
linearly with temperature below the Curie temperature.
The relationship between the free energy and 
temperature for both the disordered and ordered has 
been established from the experimentally determined 
values A H q (ordered and disordered) and Tq (ordered 
and disordered). A value for the free energy of chemical 
ordering, A G chem, (ordered and disordered) has been 
derived using the assumptions previously discussed, 
from experimental data. If A G c^em (disordered-ordered) 
was the only criterion governing the ordering reaction 
then the difference in (disordered-ordered) and Tq 
(disordered-ordered) would be only approximately 50 K 
(as demonstrated by the displacement in the parallel 
theoretical free energy versus temperature plots in the 
temperature range plotted.). Experimentally this has 
been shown not to be the case, since =125 K,S S '
clo owhile correspondingly Tq -Tq =300 K. However, chemical 
ordering contributions cannot be considered in isolation, 
since it is generally accepted that magnetic effects 
can contribute to the shape of the free energy curve.
Fe-Pt alloys have demonstrable magnetic effects, as 
illustrated by the presence of Curie temperatures for 
these alloys. Therefore a magnetic contribution to
modify the free energy curve must be made. At temperatures
below T (disordered and ordered), AG (disordered and c mag
ordered) can be calculated using equation (^). When 
these values are plotted it can be seen that the free 
energy contribution due to the magnetic effect has an 
increasing effect as the temperature decreases. This 
is demonstrated by the maximum value, followed by the 
rapid decreases in free energy as the temperature 
decreases from T , for both the disordered and the ordered 
cases.
The type of martensite is not predicted by the
model per se, but will depend on the elastic energy
component falling below a certain critical value, as
(172)has already been proposed by Olsen and Cohen. '
The associated changes in the Ag are more dramatic 
because the reverse transformation is displaced into 
the high strain energy range on heating.
The AS ” -value is seen to be highly sensitive 
to the precise manner the elastic energy and Ag curves 
intersect. The observed halving of the AS on ordering 
the 2^.5 at.^ Pt alloy would thereforebe predictable 
in the circumstances. The marked reduction in the value 
of As ’ cannot be explained by recourse to chemical 
ordering alone. The degree of chemical ordering in the 
austenite phase will subsequently be inherited by the 
martensite, and cannot provide a significant change in 
As. It can be substantiated, however, by the lower 
rate of formation of martensite below the M for ordered
(173 17^)alloys, * although there is some doubt whether
(179)
Marburger formula holds for thermoelastic martensite.
The model predicts the possibility of the reversion
of oi- o on cooling, for alloys which exhibit a critical
combination of T and T . This arises because sufficiento c
magnetic free energy can cause the G curve to bend
f
back and recross the G curve at low temperatures. This 
creates a mirror image of the situation which is associated 
with ^ loop forming alloys. ^ 7°) The small direct effect
of chemical ordering on the M can only be attributeds
to similar heats of ordering for both the f.c.c. and
b.c.c. structures, as the reported heat of ordering
for Fe^Pt is considerable (~ 7*5 kJ mol~^)^3 ^
It is clearly not possible to ensure that the parent
phase has necessarily a higher ordering temperature 
(17 6 176)in every case. 'J * ' However, the most important
and significant point to arise from the model proposed
is that the increase in time at temperature found
necessary to produce thermoelastic behaviour in different
alloys should be attributed to the difference in the
degree of chemical order required to raise the T abovec
the M , and not due to any intrinsic differences in the s
rates of chemical ordering.
CHAPTER 6 CONCLUSIONS.
1. The Tq temperature for ordering across the quasi- 
binary section Fe^Pt-Fe^Ni is substantially depressed 
as nickel is substituted for platinum.
2. The existence of ordering in an austenite of 
stoichiometric composition Fe^Ni is strongly suggested 
by the property changes which occur on heat treatment. 
The critical temperature for the ordering of Fe^Ni
is suggested to be 625 ± 5 K.
3. The existence of ordering of Fe^Ni must be considered 
metastable, as it is difficult to avoid simultaneous 
presence of other decomposition products. However,
it has been shown that whenever the properties of 
binary Fe-Ni alloys are now studied, the possibility 
of ordering and various other phase transformations 
must be taken into account.
The characteristic martensite transformation 
temperatures in platinum rich Fe-Ni-Pt alloys are 
greatly influenced by the degree of order of the 
parent austenite. The Mg , M^, A. and A^ temperatures 
are all reduced on ordering. The thermal hysteresis
M -A is also reduced to negative values, in whichs s
case the transformation is considered to be thermo­
elastic in behaviour. The martensite transformed 
from the ordered austenite exhibits a body centred 
tetragonal structure, with the tetragonality (c/a ratio) 
increasing with increasing order.
5. A thermodynamic model has been proposed, which 
includes the influence of the magnetic state of the 
austenite. This model suggests that the prerequisite 
for the thermoelastic behaviour of the martensitic 
transformation is the annealing time required to 
raise the Curie temperature (T ) above the martensite 
start (M ) temperature.
6. The expansion coefficient and the disordered lattice 
parameter behaviour of the alloys in the quasi-binary 
section can be explained as a phenomenum caused by 
the existence of two electronic states (2^ ) in the 
parent austenite. Calculations based on the results 
would indicate that the two states have equal energy 
in the region of Fe^NiQ
CHAPTER 7 SUGGESTIONS FOR FURTHER WORK
The Fe-Pt-Ni system is complex in nature, with 
many physical properties interrelated with one another.
The role of ordering of the austenite phase has been 
shown to greatly effect all these properties. It would 
therefore be advantageous to further investigate the 
ordering reactim in the quasi-binary section.
A more detailed study is required for precise 
determination of the critical ordering temperatures, 
taking into account the possibility of a two phase 
ordering region at these temperatures. Subsequently, 
the kinetics of the ordering reaction below these 
temperatures could be investigated. The postulation 
that ordering of the austenite phase exists at the 
composition Fe^Ni requires substantiation with some 
direct evidence, such as superlattice reflections from 
electron or x-:ray diffraction techniques. The use of 
very fine powders, in order to supress the martensitic 
transformation, and the use of a Guinier x-ray focusing 
camera, may prove beneficial in this respect.
The effect of order on the martensitic transformation 
characteristic temperatures has been investigated in 
the platinum rich alloys of the quasi-binary section, 
and this study needs extending to include the nickel rich 
alloys. Particular attention to the morphology and 
the tetragonality produced on ordering is necessary 
to develope a full understanding of the transformation.
The Curie temperature of the austenite and its 
position in relation to the martensite start temperatures 
has a great influence on the characteristics, of this 
transformation. However, no attempt has been made in 
this investigation to directly measure these temperatures. 
The magnetic martensite phase which was present in all 
the alloys investigated makes it very difficult to 
detect the Curie temperature in any retained austenite 
phase. However, this may be overcome by the use of 
very fine powder samples, which has been shown to 
depress the martensite transformation to lower temperatures.
The expansion behaviour of the alloys investigated 
in this study have been shown to be explained by the two 
garpma state model. Further investigation is necessary 
in order to test this theory fully, by extensive 
measurement of the expansion coefficients from absolute 
zero upwards. This may produce more information of the
A  ^ 1 ^ 1position of the n E  =0 line, where the two gamma 
states are in equilibrium.
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